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|571 ABSTRACT 

A transit expression system is disclosed rta utilizes 
bacteriophage RNA polymerase in the presence of a UNA- 
based cytoplasmic vints to facilitate expression of a foreign 
gene in the cytoplasm of a eukaryottc eeiL 

A method of expressing a foreign gene in the cytoplasm of 
a ctiltaryoiic cell is also cisdoicd which comprises incor- 
porating irito ihe cytoplasm a DNA-baaed cytoplasmic virus, 
& mi'.Ma earner comprising a gene for an .RNA polymerase 
whicn gone is foreign to the carrier arid to the celta, a 
suitable carrier comprising a functional citron tnemding a 
foreign gene flanked by a promoior sequence which is 
recognized by the RNA polymerase. 

43 Claims, 6 Brawiog Sheets 
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PROKARYOTIC EXPRESSiON IN 
EXiKARYGTlC CELLS 

This invention was made wholly or in part with funds 
provided by the U& Government. The U.S. Government 5 
has certain rights in this invention. 

This application is a ^continuation"' of application Sen 
No, 07/648,971, tiled Jam 31, J SSI, now abandoned, which 
is a continuation -in -pari of Sex. No, 07/5§&s,489, filed Sep, 
J 4, 199-0, now abandoned, which is a continuation -in-pafi of w 
Set. No. 905,253 filed Sep. 8, 1986, bow abandoned. 

FIELD OP THE INVENTION 

This invention relates generally to the expression of genes 
in a eukaryptie Environment and mote parttctrfsriy., to a *5 
transient expression sy stem Ihatusiltees bacteriophage RNA 
polymerase in the presence of a DNA-based cytoplasmic 
virus to facalitatc expression of the gene in the cytoplasm of 
the cafcaroytic cell, 

BACKGROUND OF THE INVENTION 

Since the inception of irncrohfotogy and genetic engineer 
io$, there has been a desire to be able to transfer traits from 
one organism so another. 

Recombinant DMA technology has made it possible to 
develop mntectitar dotting vectors that allow expression of 
heterologous genes in prokarvone cells (cells of lower life 
forms without a nucleus) and enkaryouc ceils (cells of 
higher organisms). Bacterial systems provide important 
advantages such as ease of use and high expression hut 
impose a number of limitations for synthesis of eukaryotie 
proteins, in particular* correct fo&iag, proteolytic process- 
ing, giycosylation* secretion, and subutiit assembly may not 
occur or may occur incorrectly in bacteria, J ; br these and 
orher reason^ eukaryotie sella are preferred for expression 
of cukarycttc gems. 

it has also been cJiMeulr to obtain expression of certain 
genes, especially those of lower organisms in cells of higher 
organisms, Tins has been irue for many reasons inehiding 
the to that gem control mechanisms are often significantly 
different. 

it has been known that 17 and certain other bacteriophage 
RNA polymerases, for example GH1 and T3 ? are single 
subumt cnxymes with high catalyse activity and strict 
promoter specificity, which have found wide application for 
in vitro synthesis o f RN A and as the basis f or high -le vel 
gene expression systems In Escherichia c&li One potential 
problem with use of a prokaryotic RNA polymemse in a 
cukaryotie ce]l> howe ver, ts the requirement for raRNA io be 
processed, capped, methylated, and poIyadeoyJated. Another 
potential problem concerns the observation that cukaryottc 
RNA polymerases arc produced in the cytoplasm but are 
transported and subsequently loeasked hi the nucleus. A 
system using T7 or other bacieriophage RNA polymerases 55 
would require k^&U&ftion of the enzyme in the cytoplasm to 
aci on foreign genes contained within the vector also local- 
ized m the eytopiasni Therefore, a mmimi system which 
could utilize ihe advantages of a bacteriophage RNA poly- 
merase, which could function la an eukaryoiic environment 
to facilitate the expression of a foreign gene, and which h 
simple, widely applicable, and highly efficient is desirable, 

SUMMARY OF THE INVENTION 

hi accordance with the present inventions it hM been 63 
discovered that foreign genes encoding a single subunil 
RN A poly merase can be used in eukarymie cells when the 
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procedures and vectors 
employed. 

in particular, ihe invention comprises a method of 
expressing a foreign gene in the cytoplasm of a eoknryotie 
envinwn&nt comprising living eukaryotic cells. The method 
comprises incorporating a DNA based cytoplasmic Vitus 
into the evirDHtnent along with a suitable carder ie, vector, 
encoding it single subuuh RNA polymerase which is foreign 
to the carrier and to the ceEs, along with a suitable earner 
comprising a functional ctstron including a promoter respon- 
sive to the bacteriophage RNA polymerase. 'Hie dstron 
nmher inchjdss the gene to he expressed and may include a 
phage RNA polymerase specific transcription terminatioa 
sequence, 

The vector mid DNA based cytoplasmic vims may be the 
same, and tt is within ihe scope of the present invention to 
include novel DNA-based cytoplasmic viral vectors. A com- 
bined vector may include a DNA-bascd cytoplasnvic virus 
eofuairang a foreign getie ciacodiag for- a ftmcuonal specific 
single suhumt P.NA polymerase and a DN A- based cytoplas- 
mic vims comprising a funcdunaJ cistion irteludirig a ibrc%n 
gene sequence tanked by a bacteriophage proxootor and 
peihaps a termination sequence which functions witb the 
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Mi^re particu3arly, emboditneni of die present inven- 
tion may comprise a vaocinianr? transient, expression sys- 
tem. This illustrative system is designed for expression of a 
foreign gene. The foreign gene is inserted inio a vector 
between 'bacteriophage RNA polymerase T7 promoter and 
terminator sequences. Expression of the gene h facility 
by atu>ther vector encoding a bacteriophage RNA poly- 
merase Lc. T7 r polymerase which very speciiically iriitiate^ 
tran scription of ON A to nj-B jS'A an d eventual prr^inction of 
foreign protein. Tn& foreign genes expressed utilhsmg tlris 
iitustraiive nymm inctodes the HBsAg gej^e of hepatitis B 
Virus (liBV) and the prokaryotie genes laeZ and CAT 

DESCRIPXiON OF THE DRAWTNOS 

HG. 1 is a schematic diagram sitowing insertion of 
bactejiophage 17 gene I which encodes RNA polymerase 
Imo the genome of vaccinia virus. A 2.65 Kb BarnM 
fi-agrrienr containing T? gene .1 was excised from pAR.1173 
iiiid inserted mto \lm unique BaniHt site of pGS53 to form 
pTF7 3, In the latter plasmtd the ci)dlng sequence tor T7 
RNA poly mem se k downstream of the vneetnh: P7.5 prt) 
motcr and the ehi mode gene is flanked by the left (TKL) and 
ri^hi (TKR; vaccinia TK sequences. DNA segments are not 
drawn to scale. CV-1 cells were infected with vaccinia vans 
and tiansiected with pTF?-3. Alxer 48 hrs> the cells were 
har vested and tise vims wab planned on TK- cells m the 
presence of EtldR. Virus plaques were amplirled mid 
screened by dot blot hybridization to T7 gnne I DN A. 

FiG, 2 is a graph demonstrating the synthesis of T7 RNA 
polymerase. Extract^ were prepared from uninfected cells O t 
ceils infected wuh vaccinia vims infected with vaccinia 
virus and transfected with pll :, 7-3 or infected with 
vYF7-3 ff and assayed ibr 17 RNA polvmerase. Incorpora- 
tion of [^J'^) GTP \mo RNA thai" bound to DBAE- 
cellulose fillers was measured. 

HG, 3 is a schematic diagram showing construction of 
plasmids eontitining target genes Hanked by T7 pnnmjter 
and terminator sefjueneea. A 3,2 Kb DNA fiegmerst contain ^ 
ing th& lacZ gene with translation and termination codons 
wa* obtained by cleavage of pWS6S (pnivided by A. Majm- 
can NIH) whh Xbat Sliing in \\m staggered end with the 
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Klenow fragment of DNA polymerase and deexy nucleoside 
triphosphates, and cleaving with SmaL The fragment was 
then blunt- end Ugated to pAR2529 which bad been cleaved 
with BamHl and treated with Klenow iragxnem of DNA 
polymerase. The resulting plasmid, pTVlLZ- l hm the cod- 5 
ing sequence for £H>al flanked by the 17 # 1 0 promoter and 
T# terminator. Similarly, a 0.7 Kb EamKI fragment from 
pGS30 crmifiining the CAT gene wks itgated to BnmHf 
cleaved pAR2529 to form pTF?CAT-1 . 

FIG, 4 shows a comparison of transient expression %y$* m 
terns. Cell lysines were prepared at 4$ or after Meotta with. 
vTF7-3 (vaecinia/T7 gene 1) and/or tmnsieetton with the 
indicated ftemid and assayed for CAT. Samples were 
spotted on a silica gel plate and ehromotographed. An 
autoradiograph is shown wiih die positions of ehJorampheni- ^ 
col (C) and aeety tared forms of chloramphenicol (AcC) 
indicated, 

FIG, 5 shows the construction of plasmid pTFILZ-.i and 
recombinant vims vTFTLZ-l eonmining the chi- 

meric target gene for £. raft p-galaetosidase (iaeZ), 30 

MO, 6 shows recombinant vacdmavirus vTF7HB-l con- 
lair) ing the hepatitis B vims HBssAg germ, 



DETAILED DESCRIPTION OF THE 
INVENTION 

In accordance with the prosed invention, a transient 
expression system has been disco vered which for the first 
lime utilizes highly efficient single stibumt bacteriophage 30 
RNA polymerases* such as those from 17, $f*6« GH1« andT3 
viruses, m a eukaryouc environment As previously dis- 
cussed, the use of $mh RNA polyfiscrasc^ in eukaryotie 
environments has not been practical or possible due to 
supplemental requirements associated^ with expression of ^ 
genes by such RNA polymerases. In accordance with the 
present invention, it has been discovered that the presence of 
a DNA based cytoplasmic vims will permit s»eh a gene to 
be expressed in a eukaryotie environment. 

The tern: "DNA-baseri cytoplasmic viroseA as used 40 
herein,. 3re vi roses that contain genetic material made up of 
DNA (tobs m RNA virus) that when hifeetmg a eell 
eairies m genetic materia] into the cytoplasm of the target 
cell 

The DNA-baseri cytoplasmic viruses lack proper signals 
or apparatus to enter ihe nucleus of the infected ceil, but 
contain all neeesary information for ^ascription and rep- 
lication in the cytoplasm, and thus provide some of me 
necessary component!* that contribute to expression of a ^ 
foreign gene. 

The major family of viruses which transcribe and repli- 
cate their DNA in the cytoplasm arc the poxviruses; 
although certain indovirjses > such as swine fever virus, 
often transcribe and replicate much of their DNA in the 55 
cytoplasm and therefore may be used in accordance with the 
present invention. 

Example* of genera of poxviruses within Jlic scope of the 
present invention include orthopoxvirus, parapixYirys, avi- 
pox virus, sapripox virus, leporipoxvhm suipox virus mot- €f 
Suscipoxvinis and ya^poxvtms. Mote particlarly ( examples 
of species of poxviruses within the scope of the present 
invention include rabbit pox virus, cow pox virus, shone 
fibroma mm, eciom&iia {mouse pox vims), ami vaccinia 
vims. Vaccina virus is. especially suiiabie for use in ^ccor- m 
dance with the present invention further detailed dis- 
cussion will refer to this vims, k is, however, to be under 
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stood thai such a discussion in genera] similarly anpJies to 
ihe other cytoplasmic DNA viruses. 

Vaccinia virns, the prmotypat member of the poxvirus 
family, has a large linear double-striinried DNA genome thai 
encodes an entire irsnscripttors system including RNA poly- 
merase, eapping/methyiating enzymes, and poly(A) poly- 
merase. Additional advantages of vaccinia vims include us 
large capacity tor foreign DNA, genome stability, and wide 
vertebrate host range. These characteristics have been uti- 
ii^ed in tne development of vaednia viro* as a eukaryotie 
expre^sioti vector. 

Tiie R^A poJymemse §ene^ which niay be u^ed In 
acetrrdanee with the present invention include any RNA 
polymerase which will fancdon in tne cytoplasm of a 
eofcaryotic cel^ in the presence of a DNA-based cytoplasm 
vim^. For purposes of example, particularly suitable are 
RNA polymerase genes trom bacteriophage, bacterial 
viruses, and especially the T? f QUI, aad '13 viruses. 
For purpose;; of illustrattn|: a preferred embodiment of the 
present invemion, and nor. jimitatiofi, tnc T7 RNA poly- 
merase gene will be di^ussed in detail. The T? RNA 
polymerase gene is isolated trom the prokaryotic {viral) T7 
fjaeteriophage. The T7 bacteriophage infects bactena, but 
not aikaryoJic cells. The T7 RNA polymerase is highly 
speciSe im pramator sequcuees eontaiued within the bac- 
teriophage genome. Aceordtngiy, ii is understood that the 
chances of finding n similar sequence in enkar> f otic or other 
DNA am very nominal. Vm a &rther diseusMon on the 
specificity and indtvidtiai pxotnotors recognised by the bac 
teriophage RNA polymeries see Chamberlm or aj, n& 
Enzyme* vol. 11 pp. SS-lfJg (1982); and Dunn ct ai, 1 AM 
Bid 166, pp, 47? -535 (imi h h nndcrstotjd that the 
discussion with respect to the T? RNA polymerase genej^lly 
applies to other RNA nrslytncrasesS, especially the bacte- 
riophage RNA polymerases mentioned above. 

The foreign gene which is to be expressed in the eufcaiy- 
otic euviromnent may be: almost any gene sequence, The 
gene must, however, be included, within a dstron that will 
.function with the bacteriophage RN A polymerase as previ- 
ously described. "Qsu'oii", as used Iserem, is a gene iuclud- 
mg a tran^criptitm promoter sequence which permits the 
geno so be expressed. Optionally, the "cisrron may mehjde a 
terminadon sequent As used herein, a "ctsftron" and a 
"fufictioaal genetic sequence" may be considered the same. 
Such a eistron therefore includes a promoter, an mtemsed?3te 
or Foreign sequence, mid may optimally have a termination 
sequence. The intermediate or foreign sequence may contain 
one or more genciic .sequences or a plurality of codes 
encoding polypeptides mcluding protehis from the tran- 
scribed corresponding m-R&A, For purposes of describing 
such an intermediase sequence thch such individual code 
will be referred to herein m a "ge»e>" %e promoter of fhe 
cistern used m aceordarsee mih the present invention func- 
tions with the RNA polymerase, as previously described, A 
fufdier detailed discussion will be directed to such cistrons 
beginning with a T7 promote However, it is nndersiood 
thatsih-h ft dtscsission is ix>r purposes of iliusirauononly and, 
not limitatiott Tor example, other promoters which wtli 
roneiion with a T7 RNA polymerase or with other bacte- 
riophage RNA polymerases are within the scope of the 
present invention. 

The carrier used to deliver the gene ior the RNA poty- 
.oterase or the citron into lite eukaiyouc evivijonment 
includes any suitable vector, such as a plasmid or a virus, h 
is understood that the terms "vector" and "carrier", as used 
herein, are intended to be interchangeable terms. In accor- 
dance with the present invention, a DNA -baaed cytoplasmic 
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virus in the eukaryoue environment permit die KNA poly- 
merase ge&c to be expressed. The same virus may also act 
as & rector in accordance with the present invention, i,e, it 
may also be used to imvdim liie RNA polymerase gene or 
the ctttron imo the environment. Optionally a olasnnd may 
be u«cd as the vector or vectors to introduce the RNA 
po^racrase gene and/or ihe eisixon into the eukar>otie 
environment. When using a plasmid as the earner of me 
foreign gene, a DNA-based cytoplasmic vims is needed lo 
provide mirjrmaiion required for expression of the RNA 
polymerase gene. The cytoplasmic DNA virus may also 
provide other fofictjons including capping and petyadetm- 
imion of the RNA synthesized by ihe 17 RNA polymerase. 

A beiicr undcrsLanding of the present invention and of its 
many advantages will be had by referring to the following 
examples. It is understood however, that the procedures and 
examples described heremafte? are for purposes of illustra- 
tion only, and that any changes or moditotions which 
suggest themselves to one of ordinary skill in the art arc 
wiihin the scope of the present invention, 

EXAMPLE I 

Materials and Methods 

lo smxms 

For the procedures described, enzymes were supplied by 
the companies indicated and used in accordance with their 
instructions Resmcdon endonudeases were from Betnestia 
Research Laboratories, New England BioLabs or Boc- 
hringer Mannheim Biochemical*., Tiie Ktenow i.ragment of 
DNA polymerase I and T4 DNA lipase were from New 
England BioLabs, Calf iniestma] alkaline phosphatase was 
obtained irom Boehrmger Mannheim Biochemical s, 

£0 VIRUS AND CELLS 

Vaccinia vims (strain WR) wps originally obtained from 
the A merican Type Culture Collection* replicated In He La 
cells, and purified per the procedure of Macfceu. et al> DNA 
Cloning, Vol. 2 , pp. 191-2ii, 1985- HeLaeeiis were grown 
in Eagle's medium supplemented with 5% horse serum, 
Human TK- 143 cells (Rhine cial, Int. L Cancer, 1975, 15, 
pp 23-29) were grown in. Eagle's medium with 10% fetal 
bovine scrum (FBS) and 25 ug of S-bfonwleoxynridi ne 
(BUdR) per ml CV- 1 monkey kidney cells were grown in 
Dulbecco's modified medium containing 10% F&S. 

3,0 PLASMIDS 

Plasmid pGS53 tomains Use vaccinia virus P7,5 promoter, 
unique BamHI and Smal resiriedon sites for insertion of 
foreign genes, and thymidine kinase (TK) ilanking 
sequencer. Xt differs from the pC520 vector, (Mackeii el aJ,. 
J, Virol 1984, 49 pp 857-864), principally m the use of 
pUC i 3 plasroid (Messing, Methods Bnzymol , J 983, 101 C. 
pp 20-78) instead os' pBR32K and TR ftankiag sequences 
ikrived fnm the Wyeih strain of vaccinia vims instead of 
the WR strain. 

4.0 Preparation and Ckmim- of DN A 

Recombinant pla^rmds svere constructed and used to 
transform bacieria following the methods of Maniads et aL 
MoteeuSar Cloning. 1982. pksnnds were prepared by the m 
alkaline NaDod>S04 method as described by Birnboim and 
Doiy, Nucleic Adds Res., 7, pp 1513-1523, and purified by 
CsG/ethidmm bromide equilibrium density gradient cen- 
tri legation, Plasmids were routinely checked by agarose gel 
electrophoresis to ensure thai the majority of DN A was in 
the snpercoiied coutigurauon. DNA fragments were isolated 
from low-mehmg point agarose gds following me Elmip d 
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(Scmeiciier and Schue.lt) method. DNA was extracted from 
purified viius as described in Maekett &i aL, .L supra. 

5.0 Isolate of Recombinant Virus 

To isolate recombinant virus, CV-1 ceiis were inicctcd 
wim 0,05 plaque forming units (PR?) per cell oi wild-type 
vaccinia virus and transtecced with calcium phosphate pm- 
capitated piasmid as described previously; Maekett et al ,, r I, 
^upfa, TR recombinant vims plaques were isoiascd on 
TK ' 143 awoolaycrs in the presence of BUdR {25 
ug/oYl). Recombinant virus plaques were distinguished fmm 
spontaneous TK- mutant virus by DNA:DNA dot blot 
teybndu^Uon. After two consecutt^ piaque punricatious, 
Rjcombinaat vims was atnpliiied by Infecting TK 143 ceil 
monolayers m the presence of BUdR and ihm lar^e stocks 
were made in Eels cells without selection. 

6.0 Transient Assay Conditions 

For standard assays (Ouclmin ct ai,, Proe. NaL Acad. SeL* 
19^5, 82 pp 19 23) CV 1 ceih wene grown lo S0% conliu- 
mcy in 25 cm7 flasiks (approxiinateiy ZSxlif' cells) and 
infect^ with cttbcr punned wild-type of recombinani v^c- 
dni a vixtis at a multiplicity of 30 PFU per ceil. The virus svas 
allowed to absorb for 30 minuu^s at 3?^ C, with occasional 
rockia^ of the plate. Toe inoculum was dion removed and 1 
ml pf calcium phosphate-precipUnted DNA {10 ug of recom- 
binant pkismidand 10 \ig of salmon sperm DNA) was added. 
After 30 minutes at room temperature, fresh medium con- 
taining 2,5% FBS was added and the flask was incubated at 
3T C, Cells were harvested at 24 hours after infection and 
suspended in the indicated bufe 

When specified, cam was taken to follow the trmsicnt 
oxnrcssion conditions described by Gorman and go- workers, 
AM Cdi Biol m2< 2 pp 10444051, On the day prior to 
iransfecdon, low passage number (less than \Q passages) 
CV-1 ceils were piatcd at a dcnsUy of 2,5xW* cells f»er 25 
cm* rlask and were refed with Fresh medium containing 
10% FBS ai 3 hours before transieeiiou. A 2 minute glycerol 
shock was performed at 3.5 hours a^er tiiinslecdon and ceil 
iys;ae& were prepared at 4% hours. 

7.0 T? RN A Polymerase Assay 

Apprmim&tely 2.5x1 E) f: unnsieeted or infected CV4 cells 
were resusperided in 0.25 ml of 0,0 'iM Tris-OQ (pll 7.6)/ 
0.0 1M NaCl/1.5 mM tugC\ t ar^d Doutice homoge^zed. 
After ceritrifn«ation ? i.5 pi of cytoplasmic snncmamnt was 
assayed for T7 RNA polymerase at 37* C in 0,025 mi 
mixtures containing; 40 niM Tm-BCl (nH $.0)/^ nrM- 
MgG .,/2 mM spermidin e/50 mM KaQ/ j mM f?ach of ATP, 
CTP, and IJTP/5 uM [«- 3S pJGTP/30 mM dirhjoihreifo.i/1 ^tg 
of pTPL2-l ^mpiatc/40 units of RNasin (Iomega Bio- 
lech). At various times the tactions worn stooped by addi- 
uon of 0.05 mi of 50 mM EDTAflXlfc SDS/100 ^ of 
prnteina^e K pe; nil and ineubated ior 60 minutes at 37° C 
Samples were applied to DH SI paper (Whatman) and 
washed ttneo dmes for 5 minutes in 5% Na^l EP0 At once with 
water and once with 95% erharjol The samples were dda! 
and counted in a scintillation spccttoplsotometef, 

$.0 ^galaetosidase 0 gal) Assay 
Approximately 2.5x10^ infected or ixaosfected CV4 ce!!^ 
were suspended in i ml of phosphate buffered saline, frozen 
and thawed duce limes and dispersed by somcation. 'f ne 
cellular debda was removed by centrUUgation and the super- 
naiant was assayed for j^gal activity using o*nitrophenyl- 
p-D-galactopytano^ide as described by Miiler 7 Experiments 
in Molecular Gmetks, 1972 > pp 352 355. Ah&r 30 minutes 
at 37* C, the reaction was stopped by addition of \M 
CaaCO^ and die yellow co'lor was quantified al an ab^or- 
banco of 420 aui gal activity was recofded as mnol of 
O-mtrophenot psodueed per 2,5x10* cells. 
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9,0 Chloramphenicol Aeetyttrarafer&se (CAT) Amy 
Approximately 2.5x10* msmd uvtzms fcctzd CV 1 cells 
were suspended in 0.2 ml of Tds44Ct (pH 7,5), Ate 
tatting and thawing three times, &e iysaiss were dispersed 
by sonicatioa, and the suspension was assayed for enzyme 
activity described by Mackeu et at 2., supra 

EXAMPLE 0 

Cknstreeta of Plasnnds pC$53 and FGS50 SO 

Plasma pG§53 is basically similar to pOSlQ (Maakcu; 
Smith and Moss, / %oi 49, which also could 

have been used to construct a recombinant Medina virus 
that expresses T7 RN A paly merase gene \ . I Jntesa otherwise 
indicated. nU recombinant DNA steps were carried out by 
standard procedures mch as those previously used 'for can- 
sfruc&m of pGS20 and those described by X Msmatis, E ? K 
Prttseh and I. Samhtook Molecular €kmm& Cord Spring 
Harbor Laboratory, Cold Spring Harbor, NX !9$2, Fibroid 
pUC13 was cleaved with restriction endoraidease BooRL 
extracted with pheml-cnJorofonn arid ethano; precipitated. 
Tfic rinearfaed piasrnid was then digested with nueiesse SI 
to remove the 5' overhanging nucleotides at the HcoRf site 
and agiiijj phenol-ehloa>fonn extracted and ctbanol prectpL 
To ensure thai the DMA ends were b1i3nr s the ptasmid 
was iben incubated with ail four deoxvri&onucieofttdc triph- 
osphates and the Klenow fragment of DNA polymerase. The 
DNA was purified once more by pheno^hioroform exuftc- 
ttan and cthanol precipitated and hgatcd to a 1,800 tec pair 
DNA fragment containing the vaccinia virus thymidine 
kinase g&m. The laner I $00 base pair DNA fragment was 
produced by digesting the Hindtfl j fragmcm of v«cdnia 
virus (New York City Board of Health strain (mm Wveth 
Laboratories) with Pvull and was purified by agarose gel 
eieeirophoresis, Transformation eompetem E r mU wen* 
iran&ffnmed with the tigated DNA and trmsformsms were 
selected and grown anci the piasmM designated pGS5S> was 
amplified and purified. pOS50 that liad been cleaved wish 
EeoRI and phosphatase treated was ij gazed to an agarose gel 
purified fragment of approximately 29Q base pairs, thai 
contains die vaccinia virus PI 5 promoter wish downsireara 
Bainlil and Smaf sites, which was obtained hy digesting 
pGS19 (Madcett, Smith and Moss, 7. Vfo* 29* 857-864) 
with EcoH£ Transformation competent E ctfft were trans 
formed with the Ugsted DNA and: transplants were 
selected and grown and the plasmid designated pGS53 was 
amplified and pari tied, 

EXAMPLE Hi 

Construction of Recombinant Plasmid pAR2529 

Plasmid pA82529 contains the bacteriophage T? pro- 
motor, 8i0< and. teanrriaion and was coii&traeLsd a& 
foiiows, Synthenc BandO tinkers, C<X3GATCCCG t were $5 
ligai^d to a fragment of T7 DNA (nucleosides 22,SS0-22, 
containing ^he mo promoter tor X? RNA polymerase 
digested wiih BamBi and insetted inio tiie BamM site of 
pBR322. Hi^ Fragniem extends from rmeleotides -23 «o +26 
relative to ihe start of the RlsiA and is oriented so that m 
trariscnpUon from the 0]$ promoter h directed counter- 
eiockwisc: opposite ix> transcrip Lion from the tetfscyclme 
promoter. The npsiream Baml-H site was converged to a 
Bgllf site by p^rlial digestion with Bam.Hi removal of the 
S overhang by Ming in witii the Klsitow fragrtient of £. call 
DNA polystai-tase- in the presence nf ail four deoxy dhorjijcfe- 
oiides, adding the linker GAGATCFC, cleaving with B$UL 



and re-li^adng. A fragm^u of T7 DNA containing W 
(nucleotides 24 J 06-24228, where transcrfpta tcrrmriates 
at nucleotide 24,209} was joined to the downstream BamHI 
donrn^ site dirou^i the seqnence GGATCOGG-l^CCO- 
OAI'dSAG AIUrCGATCC, where the huat C is nucleotide 
375 m the BamIE sue of pBR322. The downstream linker 
contains a HaUJ. site, so the entire dlO-BamRI»TS iVagrnem 
can be removed toi this piasmid as a BglO tragment Jor 
transfer to other vectors, 

EXAMPLE IV 

Construction of Ba^mid OTPM 

Plasmid pTF?-3 (A1CG. No. 67202) wss constructed 
by wttertmg a 2*65 Kb DNA fragment, containing the entire 
T? gene I coding region for T7 RKA polvmeraae» fmo the 
BamHi site of p€S5X10^ of plasrmd pARH73 (DayanJoo, 

Rosenberg. A. H„ Dunn, X i, f and Siadien R W, (1984) 
/WM 8l y 2035 4QS9.) was digested with BamHL 
fi^pacated by gel ekotrophoresis, and tiie 2.65 Kb T7 UNA 
poiymcrsae DNA fragment isolated Miowing d>e Eietip-d 
(Schleiclier and SchneU) sneihod. 5 ng of pGS53 DNA was 
cleaved wirli BamBJ and gel purified as aboves The 2 65 Kb 
T7 RNA polymerase DNA fragment was ligated to pGS53 
and used to iramibrm competent Ei coii ceils following 
procedures as nutittied tn Maniads et nl, MnlecEil«r Cloning, 
Co ^ Spring Harbor Laboratories, Cold Spring Harbor, NT,, 



50 



EXAMPLE V 



Consiruoion of 



Piasrnid pTF?L2-l was constructed hy inserting ;m E, 
cy>^' lacZ DNA fragmcrjt containing a tran^lniioa i nidation 
codon, ATG. infr^iue with the ?acZ coding ^etjuence into toe 
BaniHJ site of ?AR2529. The iacZ DNA fmgment was 
i^olattid from the plasmid pWSnl (obtamed from Alokes 
Mflojjmdsr, NIB, unpunished) as a 3 2 Kb Xbaf/Aha3 
fragment which contains the followtng DNA sequence 
upstrefim from the 9ib codon of the lacZ stractura^ gene: 
TCTAGAITArrrGCATACATTCAAT 
CAATIXnTATCTAAGGAAATACTT ACAlA'fGGI- 
TCGTGCTAACAAACGCAACGAGGCT CIAC 
GAArcGCGAlAAGCTAGCrTGGGGGGATCCC 

Tim 5' overbss^s of the 3.2 Kb XbaT/.Ah.s.? ftagment were 
filled in with the Klenow fragjmeat o.f E coft BNA poly- 
merase i;r the presence of ail lour deox^rJbonttcleiJtides. 
Ffasrrfid vector pUCiS was deaved with BaroHL the 5 l 
nverhangs Med in ;}« before, and the bhmt-ejided lacZ 
fragment iaserted by hgation following standard cloning 
techniques (Myriads ct al, 1982). The resulting pksmld was 
named pGai2. 10 Mg of pGa i 2 DNA was digested with 
Xbaf 5' overhang filled irs whh the Klenow fragment, 
cleaved with Smah and separated hy agarose gel eieetixj- 
phoresis. The 3,2 Kb lacZ iVasiijextv wa^ isolated by the 
Elmip d metliod. 10 pg of plasmid pAR2529 DMA was 
digested with BamHf made blunt with the Kienow frag- 
ment $ tarmmai phosphates removed by tveatrnetil wttii calf 
intestine aikaline phosphatase^ phenoVchltjrofom^ extracted 
once blunt end- Mgated to the lacZ ftagment, and aiiquots of 
the ligation mixture were usee to transtdan competent E. 
call HB101 cells followiag standard techniques, Plasmid 
clones with lacZ coding sequence in the posMvc (produc- 
tive) orientation with respect to the T? promoter, <gj.fi, were 
des rgnated pfTFJLStl. 
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EXAMPLE VI 

Construction of FJiismid p'iT7CAi-i 

PLasmid pTPVCAP-l was constructed by inserting a DNA % 
fragment containing the CAT coding sequence derived irom 
pmm into the BamHi site of pAR2529. The CAT gene 
was isolated as a?70-bp Ta^I UNA fragment containing the 
CAT coding setiuence separated from its eMopnou* starE 
site from pSR328 and cloned into the AccI site of pUC7. l0 
Since pUC7 contains BamHi rites closely flanking the AccI 
sites, the CAT gent? was excised witfc BamHi and inserted 
into pGS20, (Masrkctt> M Smith, G. U md Moss> 8. MAS 
USA 49:857-864.), The resulting plasmid was designated 
pGS30, 1 0 MS of pGS30 DNA was digged with BamHi and ^ 
separated by agarose gel electrophoresis. The OlS Kb CAT 
fragment was lasted using the liluup-d method, JO pg of 
pAR2529 DNA was digested with BamHL 5 ! terminal 
phosphates removed by using calf intestine alkaline phos- 
phatase, phem^ctilorofcrm extracted once, ligateti to the ^ 
CAT gene fragment, and aliquots of the ligation irrixture 
used to transform competent & coli HBtOl cells following 
standard techniques, Piasoud clone? with the CAT coding 
sequence in the positive orientation with respect to the T7 
promotes fli0< were designated pTF7CAT I, ^ 

EXAMPLE VII 

Consmactioa of Hasmid DTF7HB 4 

nzsmid pTF/HB-1 was contracted by inserting a DNA *° 
fragment containing the coding sequence for hepatitis B 
surface antigen (BBsAg) gene mm the BamHi site of 
pAR2529. H8sA$ coding gene sequence was isolated as a 
0.9 Kb BamHi DNA fragment from pHBs4 (Smidr, O, L., 
MaeketL M, and Moss, B. Nature 302: 490-495, 1983). 10 35 
i^g of phBs4 DN A was digested wan Bandit and the DNA 
fragments separated by agarose gel alaetrnphoresis. The 0.9 
Kb HBsAg fragment was isolated using the Blutip d 
saethod. tOpg of pAR2529 DNA was digested with BamHi, 
5 l terminal phosphates remove by calf intestine attcat ine *° 
phosphatase treatment, phcnolfchloraform extracted once, 
lifted to the .HBsAg gene fragrneni. and aiiquots of the 
ligation mixture used to transform competent £. cott ceils 
following standard techniqu.es, Plasmid clones with the 
HBsAg coding sequence in the positive erientntinn with '* 5 
respect to the T7 promoter, $1 0> were designated pTF?HB-1 , 



EXAMPLE VHI 
Construction of Piaamid DTF7JL2- 1 
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Plasmid pTP?IL£ 1 wascon&uuctedbyiflseni»ga3,4 Kb 
DNA fragment containing the T7-promotcr-tacZ gene T7 
tenninatot Bglli iYsgment from pTF7L£*L into the Oat/ 
EcoRi site of pGS5(X 10 «fpTF7L£T was digested with 55 
BglM v 5' protruding ends filled in with the Ktanow fragment 
of E cotf DNA polymerase in the presence ox ail lour 
deoxyiihonudeotides, DNA fragments separated by agarose 
geS eiecimplioresis, and tlic 3,4 Kb fragment isolated by trse 
EMip-d method, 10 of plasroid pGSSO was digested with ffi 
EcoRl, 5 f protruding ends filled in with the Kienow frag- 
ment, cleaved wtth Gai treated with call' intestine alkaline 
phosphatase, and phenol/chloroform extracted. The 14 Kb 
T7 pfontoter kcZ genc~T7 terminator fragment was Vigaied 
to this preparation of r*GS50 and ahounts of the ligation m 
mix lure used to transform competent £. cvh ceils following 
standard techniques, Piasmid clones with the iacZ coding 



sequence in the Name orientation as the thyxmdine ktiiase 
(TK) coding sentence were designated pTF?H^i. 

EXAMPLE IX 

Constmcuon of Plasmid pTF7IHB-l 

Fiasmid pTPTIHB-l was consttneied by insersmj* a LI 
Kb DNA fragment, containing the T? promotex-HBsAg 
g*ae-T7 terininator BgUI fragment froni pTF7HB4 , into Lie 
OaL^coRI site ofpGS5tl. H}^g ofpTF?t(B-3 was digested 
With Bglll, Lhe 5 f protruding ends itlled in nsjng the Klenow 
uagmem, 0NA iiaguieins separated by agatt)S£ gd etecux^ 
phoresis, and the LI Kb fragment .prcfified using the Eiudp d 
method. 10 jjg of pGS50 DNA was cleaved with EcoRl, 5' 
prouudiii^ ends niied in with the Kteriow fragment, digested 
wiih Clal, treated mih caif mte^tme alkaiine phosphatase, 
and pbenot/ehlorofofm exiraexed. The I . .1 Kb DNA fragment 
wa$ ligated to the preparation oi pGS50 and aJiquois oi the 
ligation mixiure wars used to traasfonn ajmptsietit ^. e^^i 
cells, Piasmiid clones wnh the coding sequence oil IBs Ag in 
the same orientatiori as the TK coding sequence were 
designated pTFTLHB- 1. 

EXAMPLE X 

Compaction of R^omhiaant Vtms yTF7-3 

Constmeiton of the recomhinant virus, vT f-7 3 (A.XCC. 
No. VR 2153) wu# done m>ing die following procedures. 
OY-1 cells were infected with 0.05 plague forming links 
(PFU) per cell of wild-type vaccinia vim* and traiisfecJed 
with ctildnm jmosphat^-prectpitated pTF7-3 DNA follow- 
ing procedams deserfbed previoasK- (Mackert^ M., Smith, G. 

and Moss, DHA Donm^ Vol. 2^ ed Glover, a M IRL 
Presa, Oxford, pp. 191-211 19S5). Recombinant vims was 
formed by homologous recombination into theTK locus and 
TK~~ Wris was selected by piaone jsssay on TK*" 143 cell 
monolayers in its presence of BUdK (25 ng per nil). TK- 
lecombinrntt vtms plaques were distinguished from sponta- 
neous TK mmm vtnis by DNA-DN A cfoi Hot hyhridi?;a- 
tton (ihtd). Ate two consecutive plague purifications the 
recombinant vims, vTF7 3 S was amplifted by infecting TK 
143 cell monolayers in the presence of 81MR and then large 
stocks were made in 1 feLa cells without selection, 

EXAMPLE XI 

Constaiction of Reeorntunant V^riBes v TF7LZ 1 
and vfF?H8 4 

Recombinant viruses vTF7!-ZO (A.XCC. No. VR 2152) 
and YTF7HB-1 (AXCC No. VR 2154) were constructed 
following, the same procedures m onttmed above using 
plasmid vectors pIT7iU>i and pTF7l!IB-l ? respectively. 

EXAMPLE XII 

Construction of Reeomhmnnt Vaccinia Vims 
Containing a Chimeric Bacteriophage T? RNA 
Polymerasic Gene 

Procediuus for the tn^eitton and e>;p.resMOF3 of foreign 
genes in vaccinia viats have been described in detail, 
Mackeit el 3 and 2, supra. Vaccinia virus promoters ate 
iuqnued to regulate transcription of the DNA which is 
introduced by homologous recomfrm&iiori into the ]£5iXJ0 
bp iinear doiible-stranded DNA genome. To facilitate the use 
of vaccinia vims as a vector, a series of plasnuds were made 
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\hu c&mmn a vmx'inia virus promoter restriction endonu* 
dease suss tor insertion of ioreign ON A, and {tanking 
vaccinia TK (thvinidiut? kinase) sequences to direct tecum 
bmaiion into the TK locus of the genome. For this study 
used the plasmid pOS53 which contains a promoter termed 
F7.3 with early and fate regulatory signs as described by 
Cochran et aL> / Hro/og? 19$5> 53 , pp 30 -37) to permit 
continuous expression of foreign genes. A 2.65 Mooase pair 
(Kb) DNA fragment, containing the entire T? gene i coding 
region for T7 RNA polymerase, was excised with BamH! 
from plasmid j>ARH73 described by Davantao et al., ]°nm 
jV*t Acad. f J984, 81, np 2035-2039, and inserted into the 
unique BaroHl site of pGS53 as shown in HQs JL A plasmid 
designated pTF/- 3 e with dm vaccinia promoter and 17 RNA 
polymerase- in proper orientation, was isolated from irans- 
formed E writ, Flasrmd was used to transfect cells 

that wfsre iafiscUsd with vaccinia virus mid fhen TK"~ recom 
binaoi vims plnqnes were selected. Correct insertion of the 
T7 RNA polymerase gene into the genome oi : vlF7- 3 was 
confirmed by DNA blot hvhridi?;atfc<n. 

EXAMPLE Kill 

Expression of T? RNA Poiymetase in Mammalian 

Pre vious studies, Cochran et aU J M supra, indicated that 
piasmids containing genes under control of a vaccinia virus 
promoter are specifically transcribed in celts infected with 
vaccinia virus. !to determine whether active T7 RNA poly - 
merase would be synthesized when vaccinia vims infected 
ceils were transected wiili the plasmid pTF7-3> T7 Rig A 
polymerase activity in cell ly sates was assayed using a DNA 
template containing a T7 promoter. Initial experiments 
estabiisited that RNA polymerase activity measured with 
Ebis template was not increased after vaccinia vims infection 
alone, as shown in HG. 2, When vaccinia vims infected ceils 
were also tr&nsfected with pTF7-3 T however, a significant 
increase in activity was observed (FIG, 2), Additional 
experiments demonstrated thai 17 RNA polymerase acnyily 
was mn detected when uninfected cells were transacted 
with pF7-3 or when infected cells were transiected whh a 
plasmid containing die T7 gene I without a vaccinia pro- 
moter, 

Tb demonstrate whether higher levels t>f T? RNA poly 
merase would he expressed when the T7 gene f under 
control of a vaccinia promoter was integrated into the 
vaccinia vkm genome die following procedures were fol- 
Jowed. As shown in FIG. 2, VTFM infected cell extracts 
contained several times mure T7 RNA polymerase activity 
shan was present in ceils that had been transiected with 
pTF?-3 in the presence of wikl-type vaccinia vims. This 
quantitative difference between recombinant vims and tran- 
sient cxpT ession systems was consistent with previous obser- 
vations* 

EXAMPLE XiV 

Con&ruedon of Plasmicl$ Containing Target Genes; 
with T? Promoters 

To determine whether bacteriophage T? RNA polymerase 
made under control of vaccinia virus can Junction in mam- 
malian cells, we constructed piasmids containing target 
genes flanked by T7 promoter and lerrrunadon regulatory 
elements. Piasmid pAR3539 (A. R Rosenberg, 1 X Dunn 
and F. W. SiudkH) contains the 1410 promoter separated by a 
unique Bamlil m& from the T7 terminatOF which ba^. a 
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potential stern-loop stmctufe followed by a run of tbynudy- 
late residues, As targess, we chose tbe & coli P-gal gene 
(called lacZ) mid the CAT gene dedved from ih% TN9 
traesposon. These genes are ideal for expression systems 
because simple and Quantitative assays are available ior the 
enzynic products aud there is at> deiectabie background 
activity in mammalian ce!J«> The lacZ or CAT gem, each 
with att associated ATG translation initiation codon, was 
inserted into the unique Bandit site of pAK2529, shown 
in FIG. 3. Plasmids witii lacZ and CAT in die correct 
orientation wem designated pTP?LZ~l and pTFTCAT L 
respectively. 

EXAMPLE XV 
Trjtnsient ExprefTSion of p-gal 

P»vj«»sly, cells infected wUii vaccinia vims nnd tmns- 
feetcd with a plasmid containing the T7 gene ). tutder control 
of a vaccinia vires promoter synthesized T7 RNA |^)ly 
mera.« were discussed, It was ftirther deiermt ned that vac- 
cinia virus infeetcd cells would express ^gal if they were 
trarssfected with plasnaids containing the T7 gene I under 
amtrol of a vaccttita promoter and die LacZ gene under 
comroi of a T7 promoter, Transient expression depends on 
vacclma vims regulated synthesis of T7 RNA polymerase^ 
the intraeelhuar mnctioning of the T7 RNA polymerase, the 
production of u^nsiamhle nvRNA frorrs a T7 promoter, and 
the synthesis of apxokaryotic en?,yme. As shown in Table 1, 
^gal was detected in cell lysaies. Omission of either vac- 
cinia virus or die plasmid eem&imng the T7 RNA poly- 
mernse gene prevented expression of jkgaL Negative results 
also were oHairied when, either the T7 geue 1 or lacZ gene 
was oriented oppositely with respect to the vaccinia or 17 
promoter, respectively. 

In hoth experiments above, the T7 gene 1, mid tl^e lacZ 
gone were transcribed from pJasmids, Since more T? RNA 
polymerase is m ride when gene 1 is integrated into vaecinta 
vims, m shown in FIG, 2. higher amounts of |5-gal are 
produced if cells am mfeeted with recombinant vaccinia 
virus vTF7-3 and then transfeeted with the ^aeZ plasmid 
pTFL£-T . As shown hi Table I, more than twice as much 
p gal was made when T7 RNA polymerase was expressed 
by n reeombirra«: vtrns than from z plasmid. 

The expression of P»-gat under control of 77 and vaccinia 
virus promoters was further detetxaiued. The vaccinia vims 
promoter used, P7.5, was the satne as thai regul ating expres - 
sion of T? gene L When cells were infected with vaccinia 
virus and uansiccted with the plasmid containing the p-gal 
gene under control of the vaccinia promoter; }5-gal activity 
was about 5^ of that obtained wieb die vaccmia/T7 transient 
system. In fact, the level of P-gat obtained with fee vaeeinia/ 
T7 transient system was higher than that obtained even when 
«he p-gal gene with the P?>5 -promoter was mfeerted into ihe 
vaccinia virus genome and die recombinant virus was used 
to infect cells as shown in Table L in. these experiment, 
snbstantial amounts p-gal were made without cita^ging the 
pyritnidme,. aL the --3. position rdaiive u> the translation 
inlsjalion eodnn, to a purine so as m fit the etsJrmyottc 
consensus sequence sbowrs by Ko^ak Nuctek Acids R<?>\, 
12, pp 

EXAMPLE XVI 

Transient Expression of CAT 

It is important m compare the vaedma/T7 transient 
expression sysie;n of die preseHt invention widi a more 
eonvenitonal system which is used, in mammalian cells... 
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Since CAT is the most common target gene used in mam- 
malian cells for ftjwp&rison of expression levels, experi- 
ments similar to those performed wilh p gal were repeated 
and are shown in Table L As in the case of p-gaGE, it was 
observed that transiefii expression of CAT torn the 17 y 
promoter was higher when gene 1 was integrated into 
vacdtsia vims than when it was ceHxansfceted on a second 
plasmkL Aim, expression was observed to be much higher 
in the vaccinia virns/17 hybrid system of the present inven- 
tion in comparison to when the CAT gene was expressed ^ 
dsrecily from the vaccinia promoter; 

For further comparison, CV-i cells were itansfected with 
pS V2CAT or pRSVCAT which contain the same CAT DNA 
fragment derived from the TN9 transposon as pTF7CAT-t 
and either the enhancer and promoter from the Rons sax- 15 
coma virus (R$V) long terminal repeat or the simian virus* 
40 (SV40) Cijrly region. In order not to prejudice the .results 
in favor of the v^x-mia/T7 system, previously described 
experimental conditions for expression of pSV2CAT iind 
pRSYCAT were employed. Thus, Sow passage CV-1 cells 20 
and glycerol boosting were used and cell lysates were made 
at 48 hours ate txamfection/rfce extract were diluted and 
tested for CAT activity, As shown in the nuteradtogram in 
FJG. 4 several hundred times more CAT was made in the 
vaceioia/F? system than with eirJaer pSV2CAT or p'RSV- 35 
CAT More quantitative results obtained by scintillation 
counting indicated that 4560 nmol of chloramphenicol were 
acetviated per 2^x10^ ceils using the vaccima/r? system 
compared to only 6\£f with pSV2CAI or 9 J with pRSVCAX 
This difference was even greater when glycerol taming ^ 
was omitted and ceils were tysed at 24 hours after transfec- 
lion. 
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respectively, Target genes tacZ and HBsAg were tanked by 
T7 ptomoter and terminator sequences. These chimeric 
fragments were shuttled as cassettes and inserted into the TK 
DNA sequence of p6S5Ci The resulting recomouiam 
viruses, vTFTLZ 1 and vTF71H8-L now comatn target 
genes lacZ and f EBsAg, respecti vely, under the control of T7 
promoter. 

Furthermore, Ci>infeaion of cultured, mammalian ceils by 
recombinant vaccina virus thai produces 17 RNA poiv- 
tnerase (v1F7 3) and Either vTF7L&T or vTF/HJM results 
in. specific high-level expression of p-gsl or HBsAg, Com- 
parison of vaecinia/n mixed infection expression levels to 
those previously obtained with r^combmam; vaccinia viruses 
is shown in Table 2. Expression with the vaeemiaT? p-gal 
is appmxi matefy 54otd higher than with a vaccinia recom- 
binant containing tacZ uxidei the coiitroi of the vaccinia 
virus P7,5 promoter inserted in the TK loens. The level of 
HBsAg production using the vacc1nia/T7 system is also 
higher than the cottespoodittg single vaccinia recombinant* 
CV-1 cells were infscted or co4nrected with recombinant 
(T? gene 1, \acZ t or HBsAg) vaectuia virus(es) at a multi- 
plicity of 10 FPU of virus per cell Tine recombinant viruses 
h3d fee foreign gene under control of cither the vaccinia 
virus P7.S promoter (VV) or the T7 promoter and inserted 
into the TK locus. Oils were hBrveste-d after 24 hours and 
cell lysates md tnediii were assayed ibr ^gai or IIBsAg^ 
Rxpressionof fJ-ga! is given as total nmol of pitxta ibrmcd 
in 30 minutes per 2.5x10* cells. Expression for HBsAg is 
igiveji as toial CPMxIO^ obtained from a Tadio-radioimmu- 
noassay immunoassay (AliSRtJA U T AbhfHt) per 2.5x;O fl 
cells. Accordtng^y, the novel system of the present invention 
directs high-level expresfiiou of target genes. 

1ABLE 2 

■ ■ ■ . ■ ■ ■ ■ ■ ■ W . ' . V . ' . ' . V m V Jm ' m'. ' . ■ ■ ■ ■ ■ ■ . W . Wa . ' . Aw . ' . W . ^W . W . W . 'K . ■ ■ ■ . 
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CV-1 cells were uninfected or infected with wlJd-type (WT) 
or recombinant (17 gene l v lac A or CA7") vaccinia vims- 
The recombinant viruses had the foreign gene under coonr>l 
of the vaccinia vims P7.5 promoter and inserted into the TK 
locus. Uninfected or infected cells were tf&u&fec&tf wjtii ] or 5$ 
2 p;asn\lds containing either the T7 gene L ^gai gerse or 
CAT gene itndcr control of the vaednta virus P7.5 promoter 
(VV) or iheT7 010 promoter Cells were harvested ate 24 
hours and lysates were assayed for p-gal 01 CAT. Expre&sion 
is gSvsjts as ntnol of product formed in 30 niimites per 2xiO ft $Q 
cells. 

Utility 01 the present system is lurthef shown by dsmtm- 
stra;nng thai higher levels of expression can be obtained by 
incorporating the chimettc target gene mto vaccinia vims. 
Construction of recombinant viruses containing the chimeric 63 
iarget genes ibr E. mii ^galaetosidasc OacZ), atid hepatitis 
B suriace antigen (HBsAG) h shown m FIGS. S and & 
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Expression of eukaryotic genes in prolijarj'oies md vice 
versa is known in the art. However, this genera% involves 
only exchanges in coding sequences. The transfer of a 
cransciiptton sysiesn from a prokaryote to a cukaryoie, as 
disclosarl in the present invention, opens np new opportu- 
nities for regulating gene expression. The present invention 
aceoinplished iniegration uf a ^ene wiiieh eueL'd^ ^ 
fimctionai bacteriophage RNA polymerase Into a vims with 
speciiictty for eukasyotlc cells by utilizing a single subunit 
RNA polymerase charactetixed l>y stringent promoter sped- 
hcity, and cytopiasmie DNA virus that encodes its own RNA 
modifying enzymes. 

Transcription of the T7 RNA poiymerase gene in vaccinia 
virus infected cells is accomplished by the vaccinia RKA 
polymerase and therefore is dependent on the fuskm of the 
bacteriophage geite to a vaccinia promoter. Expression of 17 
RNA polymerase a)u]d be obtained either by transfeamg 
vacinla vims infected cells with n ptasmtd containing the 
chimeric gene or by integrating the gene into a nouessentiai 
site within die genome of the vaccinia virus. Recombinant 
viruses were stable, could be grown to high titer and 
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produced higher levels of T7 RNA polymerase mm cells 
trans-teeted with the plmm&n. 

The rnrgc? genes chosen for expression fry T7 RNA 
polymerase were cloned into the plasrnid at a nnicaie restric- 
tion site separating a. T7 promoter from a T7 terminator. For % 
tliese studies, the taigeUgenes QaeZ and CAT) had associ- 
ated translaiional imtianon codons, but other piasmid vec- 
tors mat supply the ATG and appropriate flanking nucle- 
otides could be used for production of iusion proteins, 'ilie 
key step was to iransfect these piastnids into celts that were ^ 
infected with the vacetrmi vims recombinant which 
exposed the T7 MNA polymerase gem The synthesis of 
|3-gai arid CAT was compared by the vaccinia/ i'7 expression 
system of the present invention to that which occurred with 
a straight vaccinia transient expression 'system (in which the ^ 
target gate has a vaccinia promoter) arid to a conventional 
transient expression sysiem (in which either the enhancer 
and promoter from the long terminal repeat of Rons sarcoma 
vims or die early region of SV40 were used). The vaccinia/ 
17 system was 15 to 20 ibid more efficient to the straight 2 § 
vaccinia system and 400 to 600 fold more effident than the; 
eonvcmional system. 

The greater efficiency of the vacca»a/T7 transient system 
of the present invention when compared to that of more 
conventional system may be attributed to severe) factors. 25 
Hrst> since it is possible to infect tissue culture cells syn- 
chronously with vaccinia virus, ail cells may have T7 RNA 
polymerase. Moreover, 17 RNA poty merase is a very active 
enzyme with a 5 fold faster elongation rate than that of E. 
colt RNA polymerase. It would appear that the baaexiopo* 
age tmyme is able to function within the eukaryotte mm 
ronmeoL In addition, since the vaccinia vims RNA modi* 
tying erizynae* and presumably T? RNA polymerase sre 
iocahjced in the cytoplasm, the iransfected piasmid does not 
have to enier ike nucleus for transcription and the mRNA ^ 
produced dncs not have to be processed and transported 
hack to the cytoplasm far translation. 

Current knowledge m the held of vaccinia virus expres- 
sion vectors should he directly applicable to the expression 
system of the present invention. For example, there h 4$ 
abundant evidence that ewkaryotic proteins made in vaccinia 
virus infected ceils ate properly processed, glycosylated, and 
transported to the plasma membrane. In addition, because of 
the wide host range of vaccini a virus* a variety of vertebrate 
ceils of mammalian and avian origin at e suitable. The Tl 45 
promoter h especially versatile because of ns use for in vitro 
synthesis of imn statable mRNA and in prokaryotie expres- 
sion vectors. Development of the vaceinia/17 hybrid vims 
system makes it possible to use previous or slightly modified 
pl^rnid vectors ibr a third purpose: efficient expression of m 
gems in cukaryoiic celts, We have concentrated our initial 
efforts oa the application of the vaccmia/T7 system for 
tiansieni expression of target genes in pksmids because of 
its simplicity and potctttiaJly wide application in this eon- 
figuration. However, even higher levels of expression may ^ 
he possible when both the T? ENA polymerase gene arid the 
target gene are carried by vaccinia vims vectors, 

ft is to be understood mat the invention is by no means 
limited to lite specific examples which have been illustrated 
and described herein rmri that various modifications thereof ^ 
that may suggest themselves to one of ordinary sldii in the 
art are within the scope of the present invention as defined 
by the appended claims, 

We claim: 

I. A method of expressing a gene in a cakaryotk celt 0 
comprising incorporating into said vdl: 
a DNA- based cytoplasmic rims; 



a first carrier including a first gene encoding % bacterioph- 
age RN A polvnrcrase selected from die eioup consist- 
ing of Tl, SPi GHi and k H UNA poiymerase; said M 
gene being foreign to the carrier and to the cell, and a 
ta promoter sequence which initiates expression of 
said Sirst eerie; and 

a second earner comprising a functional cistmn compris- 
ing a second foreign gene including a second promoter 
sequence responsive io said b^cteriorimge RNA poly- 
merase, sueh tltat upon recognition of said RNA poly- 
merase, said second promoter .initiates expression of 
the second foruigrs gene in \m eukatyoiic cell. 

2, The method of claim 3, wherein said virus w selected 
fmrn the group eonsistieg of pox virus and iridovir^s. 

3, The memod of ciaim X wherein said virus is poxvirus. 

4, The method of claim 3> wherein said poxvirus is 
selected from the group consisting of orthopoxvirus, 
parapoxviros, avipoxvims, capripox virus, leporiooxvirns, 
suipux virus* moHusetpox virus and yatapox virus, 

5, The method of claim 4, wherein said poxvirus is 
orthopoxvirus 

6, The method of claim 5, wherein said orthopoxvirus is 
vaccinia, 

7, The method of ciaim 1, wherein said first carrier is a 
piasmid 

8, The me&od of ciaim 7, wherem said iirst promoter is 
a poxvirus pmmotc-r, 

9 The method of claim 8 ? wherein said first gene is the T? 
RHA potyrnerase gene, 

10, The method of daiia % wherein said plasnaid is 
pTFM having AT.C.C Designation Number 67202. 

H, The nieihod of claim 1 ? wherein said second carrier is 
a piasmid. 

IX The method of claim i, wherein said second promoter 
is a T? promoter. 

13. The method of claim 13, wherein said sedind foreign 
gene is a eukaryoue gene, 

14. The method of claim U f wherein said dstroo further 
indudes a terminator sequence. 

15. A method of expressing a gene in a eukaryode cell 
eomprising ineorpoming into said cell; 

a DN A -based cytoplasmic virus irtcluding a first gene 
encoding a bacteriophage RN A potymmse seiceted 
from the ^roup consisting of T? f SFfi. GHi and 13 
RNA polymerase, which first gene is foreign to the 
vims and to the celt, and a first promoter sequence 
which initiates expression of she first gene; and 

a earner comprising a lunctionai cisrxon comprising a 
second foreign ge?ie including a second promoter 
sequence responsive to said bacteriophage RN A poly- 
mcarase, such that upon recognition of said RNA poly- 
merase, said second promoter initiates expression of 
the second foreign, gene in the eukaryouc ceil 

W. The mcthtKl of claim 15, wijcrein said virus is pox- 
virus 

17. 1'he taethod or ciaim 16 , wltereiri said poxvirus is 
vaccinia, 

I $ 7'he method of e]aim 15 v wherein said virus is vTF?-3 
having Afr.CC, Designation Number VK 2153. 

W. The method of ciaim 15, wherein said carrier is a 
DNA-based eytoplasnue virus, 

20, The method of claim 19, wherein said fi rst gene is the 
T7 R.NA polymerase gene. 

21 The method of claim 15 ; wherem said second pro- 
moter is a T7 promoter. 

22. The method of claim 15, whereiti said eanicr is a 



5,550,035 



17 



18 



23. Tiie .method of claim 22. wherein said plasmid Lv 
pTF7CAT~L 

24. The method of claim 22, wherein said virus is pox- 
virus* 

25. 'Hie method of claim 24, wherein said pox vims h s 
vaccinia. 

26. The method of claim 22, wherein said plasmid is 
PXTTLZ-l. 

27. The method of claim 19, wherein said carrier is 
vTFTIZ 1 tiavingA T.C.C, Desigiiauon Number VR 2152. 10 

28. The method of claim 19> wherein said carrier Is 
vTF?BB4 having AXC.C. Designation Number VR 2154. 

29. The method of claim 22, whereto -said second foreign 
gene eneodes HBsAg. 

30. The method of claim 29, wherein said second pro- i$ 
rooter is a T7 promote;. 

31 The mtthod of claim 29 ? wherein said second foreign 
gene is iacZ, 

32, The method of claim 29, wherein said second foreign 
gene is CAT 30 

35, A eukaryotie cell capable of expressing a foreign gene 
in the cytoplasm of the cell., comprising incorporated into 
sai^l celt: 

a DN A- based oytopfcarcuc vims including a. first gene 
encoding a bacteriophage EN A polymerase selected 25 
from the group consisting of T7, SP6, CHI and T3 
RNA polymerase, said first gene being foreign to the 
virus and to the cell and a ftm promoter ssqutttee 
winch initiates expression of said fast gene; and 



a carrier comprising a functional cishon comprising a 
second foreign gene including a second promoter 
sequence responsive to said bacteriophage 8N A poly- 
merase, such that upon recognition of said RNA poly 
merase, said second promoter initiates expression of 
the second foreign gene in the eukaryotic cell 

34, The ceil of claim 33, wherein said vims is vaccinia. 

35. The eel > of claim 33, wherein said first gene is die 17 
RNA p$^yn*erase gene, 

34 The cell of claim 33, wherein said carrier is a plasmid. 

37, The cell of claim 33 : wherein said second promoter is 
a T7 promoter, 

38, The cell of claim 33 t wherein said cisoon further 
includes a termmaior sequence* 

The cell of claim 33, wherein said earner is a 
DNWhased cytoplasmic virus. 

40, The cell of claim 3#> wherein said carrier is vaccina, 

41, The eel! of claim 39, wherein said second promoter h 
a T7 promoter* 

42, The cell of claim 39 T wherein said eistron fanner 
includes a terminator sequence. 

43 ADNA-based cytoplasmic virus amtaining a foreign 
gene encoding a bacteriophage RNA polymerase selected 
from the- group consisting of T7, S?6 } GBl and T3 RNA 
polymerase, 

* * * * * 
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■y- iW: ky Tta : ^.>:v;ty ai<<t<*e»>a>y >:w* MrrfKwr JJk&.&S lot. 
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Specific Contacts between the Bacteriophage TB , and KP8 EN A 
Polymerase and Their Promoters* 



$ta*»y*rf M- aaoa*at&*. : «h% : 

Ellen 0. Jarg*»sen| ? Httssad? fC. Outbid StwmB* ffimmn, m& WBta T* MeAMswi 

tee XtoptMrntrt of Mkrt&iHtig?- m<* Imnmnot^y. Mom /a&irute m Mokxute? Sm< : O'nmmiy #f Nm Vera • 
Hisskh $(.mm at Bswkty*:, >\Va? YwkH-$f$ 



Thi» spaaifioHy aati fftraciftratf mmplmUv of t.ba bn*> 
ieriephage T0> &»d UNA g^lyxaetrnne* make 
throe* ensymea parttealarl? well suited for studies of 
pfdymer3*8*proraot#r ii*t<?raetion&> T*> tm^rsi&ad t&e 
initial recognition proaesa betwoan tho $to*ym& &fcd Ms 
promoters, DNA fragment?? that carry pfc&gs #ro~ 
mst«?y£ we** ehemieaiJy nandifk^ fey three* different 
ianfchods? base xa^hyia&ioit+ phtis&bttfrt ethylatiottj, &*td 
tee rvjwnvaJ. The positions at whiefc \h#i& matHRm- 
tiom pmvmtmi eafeanred bin&ng by the UNA pa~ 
*v»&fcri**fcs w*re that* &fzt*rmms& The resnU* i&dieate 
%hut spemftc oosuaots within maj^r groove of 
promoter bstweea positions a&d are important 
for phage ttiriymajrase MndSxtg* al of iwdivMwad 

bosses from either strand of the in*ti{$tion region {~5 tr* 
4<Vj resulted in anhnneed b*ttdir*g of tfen po3yro*rft$o, 
suggesting that <tf«?uptgoji of iho ttelis in tMs rgg&m 
may pKv ^ reie in stebfttottftoft of the po*>\m#r&se- 
promoter gnmplexes, 



The DNA-<fepo&rtent RKA polymerases thm, ;it:e encoded 
by barter ambages T?, IX a ad SPft are par>avo$ar$y w«l3 
for sr.«dk^. of p»iyjKarase-pf«w!i«iar interaotie^. P&eh oftJ* 

kDa that j& fifck to >:rAf ry t>ut of th« in the traasscrrip-' 
twn pnooesa i» ths ah^n^ aoy ad^t-k^n^l pwtara fK«;ti3ra 
if at review, ^ Charahsnin arsd Hyan, J^$3?> Th^ T7 HNA 
polymem^ has j^cently be>ea ^rystalli^'cl, indi eating that 
detailed structural informdtton mil mm h# mml&hte [SmM 

D^$j>U< ; » h ijih depee of :>t r^c? ur^l siniibrfty judged by 
ih& conserve Uoij of ih^if ;i^irso mid ^u^rn es) th^ j>iiage 
HNA polyoi^ra^^ ^^Ji^k^iy ^:€tfie t\.<r feir ovvn pro 
moterr s<J*i^no«s>. Each mtlit> pha^f: .proiwt^rg is f^lat^d to & 
cOKUftfo* ^V»as<i- anwr.s^s ^tj^uce Utat *xt^fis (pirn 
-17 to ^ {;5><rf: Ki^ 1 ) , A core »ud«ot^ *^«en«?a tmt- vsXmite 
f*m& -7 to k highly t«n^rvad ihwagheyt th^ throe 
p?cm<xer types, »«ss*$ti»fc that ibis aiie^^> «>ih 



s This Kerk x«.p. ; ^>rk<s:i Hsikiwai ifistii«i«s et Hmli MiM 
i*M The > t>f j>v<Mu:«Uon ortixiv flftioie v^ei^ ^Xnxs-od ia 

r^.vi w>fc% ^<> nuik^t^ <.^i,> feet. 

WAftgy and !n>nxnH>k^ v y, .Mor-rie J;eM.itata ior Mateikr <-k;5<eti<i« t 
C:a?5t5a>a Avv., .B^kJvn, NY itaO^aB. Tsl; ?5^-->?a.j^*F ft x: 



ahar^d ^at^T^a oftho ?^p«* in a eesam^n inam^ The 
P^nv:>t.^r seqeeoce^ differ ai^i0cAa!i|y i« the rogioo 1mm 
•to. $n^^i«^..ihat the bas* io thi$ at»- 
iiajv^t^rtt tor speei^o motn^ter ^ogoiiiorj. Stedios with, 
svatheiie pha.^ jm?ii*$Mfr bave--ahown tb.^i the primary de - 
iermir^?x^ of pf or^f^ar ar^ifkiiy f ; >r tbe >j.od T? e.t^:va>e$ 
Evolve the .has^ patr^ at pi^.vJ.ionsi -xOand ~ \ ) \ substitution 
t.€ T% rteti&m at these two* positions *«. th« 'PV promoter 
^qvisnee ptKvmts rwf>^nuion >«y th^ T7 jporyai^rs^ ^a 
*r>* Hz* i ^T>$er>p tk<r. % the 15 HN A puiyo>^r«^> (K ?*meot 
ei tri. A tl<:eneirv ir ; the T$ sj?d T? R^A pelymsfasss 

that is te^^iblo fer ib* roco^aUiun of these detero-:?usats 
hos been Wirnl, aritip^itaVf-ifijy erv^ta^ngr^phh^ data *Tig- 
jas^ t.hat ihm re^iorj of U"se ^lyinarji.^ h ■ famitxcmfgl wkhm a 
putative D,N f A>biodh>^ oVft i joho ?.t t»).; : 

Consider^ bie trifornvation is mm avav:ai>Ja ro^csr^log: px* 
tyme^.ao ^rom^tar tar^acta and the i^aaioaa} rob of ele 
raents within the ptoomer. ^todt^s svtth pn;<motat trjota^ts 
si^esv that the promoter c>jr>^^ts of e blncio^ doinat« th^t 
extorj'J:! fom) obotti -1? to —4 and an initiation (fensaiti rhat. 
oxtends tram ahoor -4 to Hi (Chapman aad Bur^s, I^o?^ 
Schneider and Stoma>> 1^>; Kbaaeur. ?r. #i< Base 
substitutions h> the bi f iditig domain kv<* ;t &tr«^ <?ilbet upon 
f&htTM! f&ifs hmi.&n$ hwt nf^iib ely htUe <:i'feet on tSua ratt? of 
iaitiaiiOTi. io cofstmxt, bast^ ^bstHutmis In the initiation 
domain h*v* Uttie ^fteet o^ob no;yrosrase hi ndtr t g but de 
ereaee th« rate of Mtlmam 

FtHJtpnnvittg of T3 aud T7 RNA poiya^ra^ pnmioxzT mm 
pieces w<th DNaso I aad xaothidmm pr^y; - EDTA ftfll) nas 
shosvu that the polymerase protoets a region &#m abovit -21 
to -5 unoa biodiiig t B^su arad M^itf 19^6; Ikeda sad Eieh- 
ard^m I^Stk Gund^rswo ^ 117}, Mur* ^*nt experb 
ijieot^v^bi^ t.ha ^mniv^alar^ agent Fa<JI> • EDTA pjrovjtl* 
g.r^^te v*:sottjiiOfi ^ rid h&v*+ r^siki two dlsc^^e prfiteciad 
regions iocai«d on one faoe vt the DNA af ^nJXiiastfc^y ow 
vara of in* helix upstream Mill the st^it «ita (Molb>r ei ul^ 
I'mi Although the protactad regions il^nk the major gmAa, 
no corktoet with rosidnos v*ithin tba major in the area 

that Iks between the** regions has Wars <feiiKn>stvrat*d. 

Afiar bVading to tha pramot^r, the pt^ymerase ataiis open 
a small region &f xhf: pmmox^t &mimo\ the st^rt ^ite, as j^i^eti 
by a ay^rehromie *hit>. (Oakley ^ at,. I979> Jind by fcba 
w&%ii\vity of tb ^ wfgjtsxn tr> «Hseh by ^jrt^ie strend ^^iS\c. 
avt&Gix&t leaser (Ostfifmoj.; and Co \ 9.S 5 ; MulJ^r ^t a/.;. 
U^Syb In the pras^nt:0 rti iiaritina anjosmts id avihsst.rfsJ* (rb 
bunnaiaosido iriohe^ahaxes) tiia methidbim prapyl ED1"A- 
Ft : (Ii) fiHitprint ehini^s ifkirfJa and Hit •hard&'ta, Gun- 
dersoo ei c:t„ i9$"?>- La the pj^sence of OTP aame (whieh 
^onid p^ram the xyritb^sis of a S nuciaotide pjtwte} the 

• Tt *fvi B. C, W«uy;, f^^asi ^•>mr}V.^->iost.kKi. 
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x::::W> vxx x::Xc vAA< -::>:> >>A ,; r f AA: ^ TxiX- AAA. x|>A 

A X <>vx<i e-T : A. A> x-x: xAAx. 5. >:>:<'< :m.?SW<y x> ^ x? 
:>i:x x:::.x: -X^x: - -Vv t-, A« :Xx:XX w<::v ::<:X : x-yfe-x*. & 

m ^ 

rrx:vxx :.v-;< v:< :: x ; V<xx;:x;: x,x> :<4mi«* U W< $4 

<>t m ;-:v<>v; -<•:;: ^:;xx:xf:v: ixxx-iX ^ fm%tWfM -<m 
XX: y ixvxxxxxv ■: X ; X: ^ < : : : X: «;. : . ; v ; : x.x.:x-:i <x- :.^x Xi xx - x<xxxx::x:>:>xxx ; - x:;:iv 
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A AA x,x,,Xx:: X XxA 
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xxv Ax A S 'Ax v-X :.::::,-:. ^Xx^XxAX^ >x : A> A ■ xxi <X A,X 
X A x: x A'-xx : x • x: xx: xAA ,?Ai:«< : 
>x< ■• ;.<:>■ v.: ::X <x; xx ' X^XXiXXX. xxxx ^xX;XXXxx *X\ : .^< : - 
: x.xxxX>Xv, :•>•:' xxxxx >: >: A :;x>Ax-x^Ax:X;X A : : : x A x:> XxX- 



• -AvXAXx-X XV xxxxx-x A: :x: 
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i \}z<mk<& mm.i XX ;X S>#A X: sqg :x x> jbm 

>\*&iJ>': ViW&vhiS*. $*B. : ">'.X. KSi4 3X> ,xi -:X s^uwwi sstttt-ats^ W:*X 
■:X&v >1 -^WaWftt .i«t:sjJsSi-«? I<>Y X At :>(• ' X i 'W ' ? •'- > \%s- 

ftAXtott *X ^pXXsn flW^totk**, ifo> XtonXxS f/Xto n>>S 

XX>3 >>>y<*>>&xi&y j>'A^:^wi^« i^mifM^i-^ 

^5v>.?>Tl *S>i*jL«: .t\.? •t:^: ;ssj> j:-i:f5s?x f Ui t*Hh >ss- ^'^S^'-k^i tf^^WcJ 

lfMrjm&<* ^^ffm^------^<^<:-4 ?>N : A « ^ d>v^^<J ^A^$; 

biiidiiii: iXii «r>j. xx ; >«;ii:>;:S <;>i^.:>i^>^ 1^ iSM. Tri:>- 

•:>f2>!) P«i.y««:*»:^$?«>«^Jj.^ «u<i.;>f i'si'i^s. ysii":s^ ^><n« (>: i [rsiA . 

\\A^ 5>^«J>U>:'- «liilW?>> r.&y^fcU*. Th>^>> 

i>y <.f>':«si.w>»»?5.5> vz<sm LKB ts>:«" «te«J«.«^toy.- 

}<m ika DhlA k#$mmU ?*w> « iih 'Tl^ i>H A 



^ViX<>/l^\\\ ?Xi5vtX^-$ \v«« r*X<>.:v*<i ^#C^>J>h^^ : fX 

ix>;y^0:^x^^xide; ffi^M-lAh^s? ihmi- ^.^tkm^ 

iv,-^ tfii^^xx^ xte ix>^r^ l>y. t-b^ toig?^i<? 

«^r<X->.k>«i:;iy w?K^X<t$ >XXX>UX<> JY^to^f^X m£Z-d£ iXmiX>X>\ 
As >.it<: j>*>ly«^sr^^ jt>towi*r toii« iX<?t>::X>A"s i mUmity of 
ifc* o;:imi^>rr^^x^x^iUx^x^ ih« ^r»to^^r-^xi^ixtox lk<gm^.t 
dtX>iX-<^X, Th^ ^H ; to<riX$-tX>^>Xii>toJ i\>^pb^^ *e&tiv<^y 

?X:j= *y^:Y: ii^^Si^Ulto iXiriit^ tiX N 

i>h:>yx^ &r -<h& ?v$mx\ tikzmt* mmk lh&% xxx^xl <:>--r- 

\hU\$.<>.$ :>>X f^i; K^>f«»?^t ?i,.> : PyO^!>yt^X^Xii^iXSi 

>>^?5Xto£* ?^>»^>wi of-^xxixd vX high Cv^xxjxrx^i^xs of 

HKA O^X^<::>X.sX< WXIX- <?M*ii fyOto 5ix< p.l> XX^XXi With 

pwtiMm u> $tw-& iix DHA $ito ^ j»^tliykti?.>». s?x^ 

Yh<> M'Y<:iM «r.m^hyte>.« fcfdto K^t« &m*s& <>Uh*'Ti 
pzmn&im- $m shorn* i?? 3$. hwws® 
mr>dw4 s$ p<>fe<m«r$.$«: coxc^xtx^ooa is xxx^a^j w4x- 
mis ^itiOi^xixxx rrt^?Xy^; io^ «f C ixtoffe^ witx 

I riAx&i^. C&is?*., ssmhsiM- m s#b $l$$wHKm m 
~ y i xx tvx toxvi^iAto $xxx^i ?x^ix>d b im^r^^ of ^f?xixi§. 
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-II «X<>ti*f*s vvith to«<ii«|>. 
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i-f txk drntYStim., it is xn't ^mx^inA tX;n: o^lx^XiXw. of 
too <> nwkm> smm& ?.hx nxxntjon $it^ ^^xhx^xi jxxx- 
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^Vdi^-.^JfJ < *•;> x :>y:- :* y' :: : ::::;\ ••••>> \<> •><.': «<> "xx <vSx>tX;:>v 



11::": i.i$Si:f^'i?i<:'v$: x? xhx ^Xivhykr bv: V:>U^*;:>V«.«.'<: txxb^kr: ><:■ 



y::'\:«^V:x>^ As U'XOi'ii V: x -:>Vx««V ><>^ • 
.:> \xy^":iy •:>> p?X*i!i<>i$:t v>V:-xS <"S 

xSxiv^^x :x?X^ ^-tMA :^vl> i>*><: ; .:'"siy-5: v :s, 
xrt?.l<^^ Was x: £kv 11< KiVA x x >iS : 



v.^x >>:f<x<>yV<: 



<ir : vxxvxv >xj ;yl:;y>rx^ ^M:hsi^> ?>5 N xo5X>i<??:$ (Ki ; xxxr^. >x. 

x<l>:>y : : i:xvv:-:v>-::-, «x V:x>xxX ^H:>V<x. Av^V^k^ Vx>x i ? -1 i 



;«<?X::>x>-^ ?^:yV :"ix : x-vv xi.v ; 'v\f>>?":>^'j.>'i>:' sX'^i^Xvix 

<;x;x,xj.n<- % N: ;>A<"x>x.-x>y>> ^^V::">;x y xvx>< 
>x;:; : : ' : : :<U ihp. s ":' f:C%$ *\?t8&: 



<>i.>x:.fv:x;^ : \y ^x;': <•;.< ;>.»:<<> :<<<<■ :y ^x.VM'rrlvfJfr'fk^ W'V:'lx xi<> s xX<-i\l.^^k 



CiXSJ;^^ hx ^>x^rk^>r:Xvy -:i ;;ix^^xk-^: vV.x: :>xx- ■< <>j>$<.>.Xv.y>k <>^:<i:>- 
n^x> ^y : :;V:.:xyx :;<V Vx >x> : x iVrxi. - <: Ox'' >}:■>: U:iS:-'..>hrH ZiHWid, 
%Vh*?Sm h^^Z Ki'tm l'-x «rd I"" ? : iNk 

<;:>.?x <>:;;, ^,»> $< ; h<^xx : x, .-.yh-fy • - y ^^xx-y <^f tyy iy<x>yyXv 

xyx--: -xsx 5 ? ^':?hyl:>? yxv^yyxx^ >x? :i.hy ypy yx>i:y<kyy 

xhf: ^itWS i::x'^r;er<::i ^"kh bV^kniyCx :.?V:x y>>jx::xy^x:^\ 

i><>:y.uy<> : .b>> dif.5Vr>x.<-wxxs- >>k':xy ixxyxy stextt ix^imsl? thxi s\i 
:><' $.y.<: :xH<;y yy : y -y . y; : x<x- :yy>-y- ^ -yy-y ^yyyroych k> yyy 

xxxxy^xx <k vh<:x yxxx. 

^>:^-Vk.:x: x-: ./.■>"; Uv(\-?'<:'f<<:'i': ••••••• T' :x ; : .:> ^. :<:■<; <k' D.N k xvy?.h x:hy :X)i. 

y?xyx>:.xyy.^ x ; .yyys: :y vkx y-xxv^xtx..^ c>:'' ^hf^fee yr«.^y:>x %im$% 
ih* kx<vyy>^y >y yyy l^A (k : ->yyykt yyk *'a§wxx : WWl T^> 

^ •'•*:':•:•::• >> <k' vxx':y^ yr:yxU^x^?k>i>S: x>; yx^yHxy <><* xkx R.N A y>:::iy>X- 
x:xxx<;s: Nvxxy> >. u>^': ry : :y v>l : \<> -x f#Z?>i<:AX S:'<>>l^y Vx i.fi&X 4sdf.^ 

•yyyxy, Fyx^s^iyy ?h>': bkxi.yx^ fyyyky-y, $yy-y-y;yf y-::>>k:x?y-:>y 
5>X;Vx::y: :x>y: k-xx:;;vy^y'x >.hxx r<:^«y^r>'l xxx;;u-; ix\ ?h* $><:<< 
<:>t hi$h y<xy xx.:.y^yyy« -a y<>!y<;y.yyys:y wxxy <y«i;><>:; v tm 

>xx<k:xxX:'k-x.i. kx x Xvxyi y: : vVx?r :l:"xi vx-yi : : U i]y< S.U-S: <?tlJVJ.$.tk<x> 

by xxxxy:x;y ys> y>yy>< : : x x-kkyrx h\yx-y:xki>x llix .^y>.«i?:x 
of yy : Hby&£.k>tt yxyxxix>>>-k y$kyi yy>« 

<>><X-xr x>y >:Hw$x hx r':y. ^, k^-:y^ : ^ : : , «- *i xh*> phtte&sXv* m. 

<:<> --y. •-• yx, ;«yd - «X> ^» 5*X>ipb*y» &=i.rs«^ ™%2 
m \h<: ^x-y.yu-yky-x xibiA; s;X.^?iV:?^ \v : ?b ^k^X^y b^xb 

k>§: Tkxxy p<^hm $m l<K#mi pritxmiSg m m$ te> ni 
y<yy \ yr : l y>.4xc.:.di> c;.:>^y.ly xkh xx- ryy^>>> ?.*>i$i b^y btxy yb^vvx 
yx h<< px<>u>?U:6 ix<:xx\ <yly«v«^> hy ki'Jl'A iA^xbyy <il.. 

Xx>i)y l N b<" ^"ionv <xv:rD:>: yyyx>kAy^yy vtx* s^%>« vMhf$xh$hiikm. 
>:4 pkwpk$i&$$* >:?» ybiyy sids> c>f «by yy^yy:: iyxxyx ki t.h& 
xx;y:xx: -x-y<x^y- vvx bxvx r : > : .x\j xiXx-xy <mxU&%$ i<:- Q nteklw*. 
;>.:■><:. x [oxsxyy y\*i:>;x <xx t.iX: >'ir>^i .'>kb> <>f thy :y>xuyr §r<»>v« 
xbiy; yy x xy:y yyyyx <>t : hk :xyy <y. kbx&ir ex>y yy ^>.xry y^bxy yyy 
•:.vk«x ?.he T ; ? y k> ><XY:y><x^y x : yy Fig, 

&<m> Xy^yxxxk iv'.^.^x- if<m> is : ibvj>iu^ >x>xty,> ^kbk-. yb<< 
DHA ixN-:>; yxyy b? x^x-y yy by -y^yxy^yyv xy; x y t<mm<- $<M.os 
bybrxyby*: iM&zmx xnxi xkbsxx. lb^>. Vxxy:yl<y ;yk; liV.'ix'x-yi; 
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Phage RNA A%^^^-iV^m^f er CkmUwte 




V$Q. S. T<jpuh>#y ftofttacta belvywa tfcic T"? UNA polys*- 
^iweaod Ite promoter. The tfmitzrimztit* fwrn * nuo&w 
*tf dilfsifant fettoMttftw* ar* swauoarw&l The $<*n*an<;e af the m>a 
t^m^ils?* strand < t the ai ; . propter 7 to --HHS £?ese?3i'e4. 

# v po&tt!<>Ks wfcara rr^thyfstioit of Q nssidyss o?¥y..to m itit«ri>>j«i>e^ 

Qt fib<jse moie^e* that «w paatftfted fitagva&v l>y tiSDTA) 

*»$tf&?«a vv.tii i>:::dwS Tfcfc tr&fyJSf ipvioft a&ttt j»b5t Attd the dirtC 
of trft^tfjojifrfl is atdisfited % f.hs? op^a orrtfja. A ffe.SXOi hi which 
toj»ov«I of .^v^vffJiK^i aasft-s h&<k t>; tfa&aiiMX'd aiixiiwg of ih« HK& 
oi>bw^»s>a w hidkxO^ i« I lis major gfOfros hv Tha rsijioift wfthft- 
fwAtantptate sorsttd tacit is ^$o*pt:frit> t* eta&vagg by &o$e ttaotd- 
apedik arA«todee*s HMst-mm m& Ceb^an, nU) & invested toy 
vsrtkai ttv&m & stt* e£ paj&cti&r & iri&aetsd by tfc* 

The i4&ets of the** DNA mO*htleatk>sa upon poSyas* 
s?rase binding w#?e explored osioa th« T? £K* prouder. As 
cam be seea fooxa the data in Fig. 7. the rctauvag of any 
m<Kvi&sdi base ateg the prorootat s*&s not solTtcsent to 
prevent patytttgrase binding An unexpected Tmuli vtm that 
p^lvnnnvtaa binding *as *nh&nc?d wtieri bases t?i the region 
from -<> to 43 <>.^ $fcbttr sti^od wftft> ffrmov^dt iriflic«itn^ th«t 
removv^: of thi> b^set? U> this r^^iOn i^€3:^a^<ft tii^ hmdms; 
?4fi«ity fjf the 'RNA ix&?m*Mm fw tkz DNA^ Tlw .^aioo 

ck^ly with fch^ r&giofi that m n\$\twi opc^ upon poly^xas* 5 
bmdi^g (OstetSKtatt €vj^«>«r* ; , l^Slj M.«Uer , 
W* propose that the H'NA polm^rftse melt^ this rejjtow 
or after bmdmg< siid thist dmabU^lon t>! ihz Wtix «s « 
£oT^t&r2££ o** xftmovdl of bases (HiimaB and McCarthy, 
he^s U px&BX>\$ the form^(ift of a« "<>p<?» ,> ccmpteK, 

la this rep®*** w» heve pjN>bed tiite ^oiiU>efe of the pha^t? 
KHA pt4$)®6t9M& with Khzk prommi® hy modifying the 
DNA with i.-«rtmiA eh<?mic^ t$*$mw m4 *x$iminixx$ the <j£ 
of U^>$fit ?Bixtifi*ja:fiot*s o« $mlym$:t8&£ hin&ing, Thsv§ 
lypaz m<x\\f&Mk*m wes© utJU^edb ^^hy)>stk«5,. io whteh 
iiw ?v? po^itiori of gii&ome is tn^tfeviat^ thxt>««?h tho action 
vjrdiiTJtthyJ so^fmo: <?i.h;vbiu>n f m which the ohtaph^te #t*m$$ 
ttt tin* ^i^F-phosoaatt b^k.bo.»<s «tre athylatc^ by the action 
>;<t <n hy ^vitrosoof eti; a^td baes« re^ovaij in Which tadtv^iai 
bases ««« ssmttwd ftom iJ^e oaijcal ^tnsctuw hv limlU4 treet' 
menr f>ftha l>NA wit& tok sciti (4apurifi?iti(m) or ij^irasflrj^ 
(rft?|iydmidinii«it«>fi). The iesoit* of the&s mpmmmm md 
ib.m$ of pray km m v«^t igatars &t* stmsxaamed i« Pia\ ^ 



Tkit mi& &m aoaaisteni wit h ife notion tisat the 
P&htm!&§<ts coxvtfltffc. the pro^xotftf pr^wH.^ fiwa face of 
tha DNA Mix a^td mfjke nuaiawus ^peciBe f^oiaats in the 
i^ai«x<» iroa^ to 11. The t^olts of \*he methyifiFjiorj h\tm~ 
f^faaoa at*;dies i i^t f^uhipia ^Ofdaei^ wti.h r^kiws 

hi tiw nMx^yf gxowf: &m in Otis* i*gkw>. If we «»soma ihst 
Hi! ih^ee j>h^gft HNA pO{yffi«^a«'^ cOi'K«ei t'fiejr •j.«rorfi«ier?r i« 
a siittilaf f>ift.hfio,« and that ihe P'NA. iiv ihia. ^^jfJii- k |a th^ B 
oanforffj^i^ojs, our d^to au&>e*t tijat the oooWU io the mejot 

ao$<'ftj^ih'J» t.o the -pf^iice ^d biooktfig gf?ot!?pa off the nm'Mm- 
plate sipat^m fmat »9" aod oo th« t«;jjpkt^ smuxi 

Thp <>\tt±rvM}<??k -th£i- $k& ij®}ytnm$$m moke >:J<^a 
pfsmdifi* to ih£ hma p$&& a^d -5 waolfl appear 

t^ ha i&eoasYooua with a %i&4$i&k* opp* rtfe^ of ihn }x>\ym- 
f^as* ro the prora«t*f heaait^ ihe N7 ^£ tha has<? aj. --5 wo^d 
Kn-.m&G *im&- ime #t the Mis ieiativ* to the oas^i ot 4$ 
md - 5 iv Hoviever, |j^ev>o«a dau sijggaatthot the n%'io.o iVao-: 
io 4 2 is w6t to a B k.ufi ia tha jx>iy ra^f Mse ^mtot ft r 
aompiex. h«;t jco^tad o?^A rQa^rm^ a fid CelWJJ, i9$i; 
MulJem-sL i.»h Ivraay ihm he oos?^k ioTiba^aiym^ee 
iO' ««. thf* NT posittifv^ of this has^ wit^^- wappiog 
«?f>$i«d the Mix. 

1« p?eva»^> wtvkv v-^j a^iphcat^d thv hase pat? at 
io ^ inc proa^mr raeag.duo5-i (Kietaaot- et^ : lW.. Tbe 
t^aova contac ta a* iM$ po^itton ^ooiei aisc he tec&t&d 
aix ihe back akk- of the D'NA Ivehse rd&twti to h^f- aair^ at 
~Ui ood - Pt^Jiuvki^y ciystAik^raphie dat« ^g^sat ibM 
the p<i native t>NA biod:fj^ <:teiX :>f the TV KNApalymefsae 
iar^ ^naa^h to afreOTYsm^atft the Mix md wout.i ^haw 
:;OfJiaets of i both 5ida« ot the promoter st-na^tLUY*.* 

It i¥ |>^rhaf j>s aufpTi^i^^ th^t Twnroval of bases ia tk% h'm4is\§ 
r^.k^rt (—11 to w &Vdk! oot .result io deei*ftoeed fxay^oomw 
isffh>>ty 0:ie hitarpnyteti^j of this vmdi is toot the phage 
polymerases raake ratilttple ca^tect^ m the bimha^ te^knt 
it»d tft<3 1 disruption of a sutgie (or a ^e*i t^tjt-aeta dae/> oof. 
prevent haidir.g. Thk* is m oootroet t» un^rfersm^ expert- 
iSiervt^ io whieh the Lwrt&3> tsf «t static locking gm^i (by 
ot^thyhitioo or exhylalion) disrupts ra^kipk 1 i-oataets. We 
t:a«oot oot ih« po^ihfiity thm the b:>$$ of ^ie coot^x't 1^ 
this region <veok s r:ii.« the bittdiog off^nhy of the poiyraet^e f>:.-r 
the DNA ixit that OHtlfrr ouf aa^y aomiitiofift the l<ft$a oof 
5sif;ifj>.J#*nt to p?<}\*nt listmdiiiiOfi of t.a^ re^t.riCtu>r: fragment 
iii lite p<! hVfjdhoa ^seay. 

The ro^diti^ns ws&& for y»«thyteticFn m Our uxp^cijfweB^ 
^vwy short expoeox^ to dhneih>d s.dt>fta} tmxM pxftfasitoa&ntfy 
m meihykvlon at the portion of C reakioes t wlneh 5i<-a irt 
the n*ajar gox< v^ Le$^ extensive mothy^etion of A o*sl&ies tit 
the K3 pasiticn in the mow groove a*ay also cce>ir unrfer 
the^ conditions (M&xsm a^d Qt inert, J^01 ; eod m *r>m^ of 
oo? ^xperimenla, we h^v$ Served Ihnued *;kavagf: at A 
rfts*diie* im^ tot wmapk, Fi^ 4/>). Kevnt^iwft. in »e«»«f 
the ^xpeThr^ot^ th^t w* performed ihd w* see evsdeo^ £ot 
ioiertereria: of hindin^ as $ tamli of methyktifta at A res 
does. This may reOe<*. the Sow i.aeuienee of A nwt&yU&on ax 
our Sfi.oipiiiS. Altficroativalyj otir faikm* to observe inter termce 
fjiay indicate that the p^ytneraae is not ?»«k»fijj $p^C(fso 
contacts ^hi> the N.t p^tioa of A nmikm. As recfifitiv 
ohe*rved by Vang and Nash t l^NAd>indtng proteins 
seeiij to i-rd) into t%v» e.?ite.$oriea. The bWio^ of most DNA- 
binding protstitse h? pr^ieron tioily inhihtti?d by rrift thyiotion of 
0 resido^es, pre.wroehiy retleetlng the ifjiponance of con^cts 
m ik* omjyf t-^^v^. The hiodlng of prrttal^ lo th« sec^rxt 
arenp (sm'.K aw iivfegmtktji hf^t leetof) is pretemxtiiihy inhib- 
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Phage UNA Polymmi 

its<i Hy me&y£&t&» ni A rasidnaa, refie&tmg tna importAiKte 
of minor groove cutsets. 0u? reanlia swggesfc that the phage 
polymwaaa* Ml mitt ihe farms? category. Thsse raaulte* &?& 
fteemmglj? m contrast to m?Xi?.+ m*rk by Stabs 3»d Dh&tt&gri* & 
(1578s) in which the ttOTitsmpteis .^tmnt<l of a 1*? promoter waa 
repaired by ih$ action of DNA rtf%mor>iaa m t$*t? nr^asoao of 
various h&m j*n&:og$ that would mimdves pstimh&fmm imo 
mthst thjs tmpr ox mmm These fcxperime&fcs dem- 

ooatratecf that ##me xaedi£c&t&n$< each as rapkeamatri of f*H 
acfetime mtjteis witfc 2$ -iiiaxain<^>urine or sli giumine raai- 
doas wjtJj hs^iut&tbiRe ihoth of whiob affect minor 
poo**} pte^mad \it$m$im $t the modified pramotot. We 
ess&aot «xciuda tha posaihll^ specie mm? groow 
contacts ihM m siict mi pm\n- sra impon&ni for poSynw&se 
$*mdu?g> An *&*rntuiv* tfj^tareaftton for Usa otem&k^s by 
SU&l ami ChB3Gab«fiin is tk&l sxwtsets with minor gxtxro 
vtemmt* sra important during t&* mitisfcaw **ep f perhaps 
mtkm tfc& scgitra tfe»t is o»&e£ open durbg imtk-ooa A* wa 
have not raaasorsd #** Electa of base ioc4if*eaiioo$ on i»st> 
otioj* in experiments, we axsunk thk #os»ihiftty« 
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ABSTRACT In examine the RNA polymerase (I€ 
2,7*7^) spedBktty of RNA matuniUf»t/iiaB3»i«m and fran* 
scriptwmai enhancement, we constructed a chimeric piasmid 
(pPolI^CAT) in which a promoter for mouse rRNA gene 
transcription was placed adjacent the coding sequences for 
chloramphenicol acetyitransfera&e (CAT; EC A 
number of other constructs* including pfetsmids also containing 
a murine sarcoma virus enhancer or lacking any natural 
eakaryotic promoter sequences* were also prepared. In appar- 
ent agreement with earMer eofitfusfttre that an RNA polymer- 
ase I transcript can act as a messenger RNA, transient 
transaction of mouse L cells with pPcdi-CAT yielded both high 
levels of transcript* an fnmi the RNA polymerase I promoter 
and enxymatically active CAT protein, tlowtwr, further 
examination mealed that CAT protein not transited from 
RNA that begins at the normal rRNA transcription Initiation 
site, Polysomai &NA k de vmd of such SNA and instead consists 
of CAT-encodlng transcripts that negin elsewhere in the mouse 
ribosomBl DNA (rDNA} region. Since transcription of these 
aberrant RNAs h stimulated by the addition of a mnnn* 
sarcoma virus enhancer segment* they are probably tran- 
scribed by &NA polymerase IL Transcripts mat map to the 
authentic rRNA start site are not similarly enhanced. More- 
over, unlike toe RN As deriving from the rRNA Initiation site* 
these aberrant RNAs are more stable and the level of trans- 
latable CAT transcripts is suppressed by inclusion of larger 
segments (*f the rDNA promoter regaous. Fortuitously initiated 
mRNAs are also farmed in the absence of any natural eukary- 
otk promoter sequence. From these data we concJode (i) that 
there is no evidence that normal RNA polymerase i transcript 
tton yields functional mRNA and (a) that transcriptional 
enhancement appears to be RNA polymerase specific. 



Precisely how nuclear transcripts whose synthesis is cata- 
lyzed by RNA polymerase i, H ? or 10 {DNA-directed RNA 
polymerase, EC 2,7.7,6) are directed through the appropriate 
process tng/transport/utt ligation pathway remains largely un- 
resolved. A priori* the choice of the maturation pathway 
could oe specified solely by the primary sequence of the 
transcript. Alternatively, it could be dependent upon the 
polymerase that catalyzes the transcriptjon cither through 
subnuclear eompartmentalkation or eotransenpitonai at- 
tachment of processing complexes. Certain aspects of this 
general question have been approached by Green es al\ 
who followed the fate of RN A synthesized m vitro that was 
injected into Xenopus oocytes. These authors showed that 
the injected RNA was spliced accurately, albeit quite ineffi- 
ciently > This finding, along with the development of in rum 
systems that support splicing (2-4), poiyadenyiyiatkm (5), 
and 3'-end cleavage <6> 7) of purified RNAs normally tran- 
scribed by RNA polymerase II, has demonstrated that there 
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is not an obligatory coupling of processing of mRN A precur- 
sors to concomitant synthesis by a polymerase H tran«*cnp- 
lion complex. 

Other studies have begun so address the companion ques- 
tions of whether ribonudeoproiein particles that arise from 
transcription by RNA polymerase I or III are appropriate 
substrates for mRNA pressing unci transport pathways, 
and moreover, whether such RNAs are competent to direct 
protein synthesis. Carlson and Ross {$, 9> have reported thai 
alternative transcripts of the human and mouse $~gfoMn 
genes, evidently produced by RNA polymerase UL appear to 
be spliced normally. These unusual globin transcripts are 
either poly&denylylaied 9) or ^iransspiicai" onto normal 
glohin RNA. Moreover, from microinjection and iransfection 
sttidies, Gnmimt and co-workers have reported that the 
promoter of the mouse rRNA gene can direct transcription oi" 
a juxtaposed simian virus 4® (SV40) tumor (T) antigert {10) or 
chloramphenicol acetyltransferase (CAT; EC (U) 
coding region and that these RNAs are sub&eqtiently trans- 
lated into the corresponding polypeptides. Since a substantial 
proportion of the transcripts do mtnate at *he mrm^ rRNA 
intitatton site, Grummi und coworkers concluded that normal 
polymerase I transcription can yield a functional translatable 
mRNA (11). 

We have further investigated whether functional polypep- 
tides can be encoded by a hybrid gene transcribed by RNA 
polymerase L To thts end, we have cloned the mouse RN A 
promoter region juxtaposed to the coding region of the CAT 
gene (12). After expression in transiently transfectsd mam- 
malian tissue culture cells, the resultant CAT mRNA-con* 
taining transcripts were characterized by SI nuclease and 
primer extension analyses, and production of functional CAT 
protein was determined by enzymatic assays. We find that 
synthesis of CAT protein is indeed directed by these con- 
structs, as originally reported by Grummi md Skinner (11), 
However, none of the polysome RNAs begins at the normai 
rRNA Initiation site, Instead t the 5' terminus of this trans- 
iatabie RNA maps to another site within the rRNA sequence ., 
inasmuch as the ieveis of t\m aberrant RN A and its translation 
product are increased by tiie presence in ch of a murine 
sarcoma (MSV) enhancer sequence, we stiggest that the 
translatable CAT RNA may arise from a fonuitous polymerase 
II start in the rRN A initiation region. RN As deriving from the 
authentic mouse rRNA start site are indeed detected, but they 
are not found on polysomes, are not increased in amount by the 
presence of an MSV enhancer, and are very short lived, 

MATERIALS AND METHODS 

F&i$mid$* The constructs (Fig. 1) were formed from pSV2- 
CAT (12), kindly provided by George Khoury . For pSV2'- 
CAT, the f*vu 11 site at tlie upstream boundary of the SV40 



Ahbreviatiotis: SV40, simian vhus 40; T asiitgen f tumor aittigen; 
CAT» chlonmnpfhenteot iramacetyiase; MSV. mtnine sarcoma virus; 
rDNA, DNA encoding rRNA and the fSanking sp^er regions; bp, 
base pair(s)j kb< kiiobase(i). 
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Ffo. 1, Construction of hybrid CAT geac pksmids. As detailed 
in Mtiteriate $nd Methods, the SV40 promoter/enhancer regkm of 
pSV2-CAT (12} was replaced with the promoter region fer mouse 
rRNA .gene tfanscripiion ^nucleotides -168 to +57 (B}] to yield 
pPolMlAT, or the SV40 cojurc? region was deleted entirely to yield 
pSW-CAT The translation initiation signals for the CAT gene arc 
3' to the KiftdUl site and are retstttied m all constructs. An MSV 
enhancer region was also inserted in boih onentauotts (OA and OB* 
in pPulI-CAT and pSW^CAT, Restriction eftfamidtase sites; K 
Pvu It; S, Sri h B3. IfrtilH ; E. EcoRt; E, &u*HI; T„ Tth 111 1; H, 
tffw i. SmeJJ *, SV40 smail tumor fmiitfem 72s, SV40 ?2bp repeats; 
rDNA, UNA encoding rRNA and the flanking spacer regions. 



pit*moter/enhancer region was converted to a 5a/ 1 site by 
partial i*v« II digestion and ligation to 5<rf I linkers. This 
pkstmd was used for subsequent constructs and as a °dr* 
vergence probe 0 far SI nuclease analysis of pSV2-CAT 
RNA. To form pPolI-CAT, the mouse rDNA plasmid p5 'Ss& 
Pvu (14) was cleaved sequentially with Sat I (rDNA position 
-168) and lew? I (rDNA position +57). Next, pSVy-CAT 
was cleaved with Sa/ 1 and HinfilU to remove the entire S V40 
promoter/enhancer region* The 235-base-pair (bp) rDNA 
promoter fragment ISai-Taq fragment) and &e CAT/ vector 
{Sal~Hmmi fragment) were isolated and joined by using 
Hift&llI-ToQ converters to form pPoll-CAT. The CAT/ 
vector fragment was also circularized by itself alter treatment 
with the Klenow fragment of DMA polymerase to blunt the 
ends, forming the proiaoterless pSVO'-CAT. (Note that 
pSVO^CAT is strictly homologous to pSV2-CAT and pFolI- 
CAT, while the standardly ased pSW-CAT (12) has different 
pBR322 sequences abutting the CAT region.) A 39ft-bp 
fragment of the MSV long terminal repeat (LTR) containing 
the 72/73-bp MSV enhancer repeats (rcf. IS, kindly provided 
by G. Khoury) was inserted into the unique BamUi she of 
pblKAT and p$V0'-CAT in both orientations, termed OA 
(natural orientation) and OB (reverse orientation), Fin&Hy* to 
form p*2kb?oU-CAT a i.g-kiiobase fkb) Sat I fragment of 
mouse rDNA extending from position «*-2fcbto ~X6S (16) 



was inserted at its natural position relative to the rDNA 
promoter at the unique Sal I site in pPoli-CAT. 

Transfectkms and C AT Assay. Mouse L cells and Chinese 
hamster ovary (CHO) cells were tramfected as described by 
using DEAE-dextran coupled with a dimethyl sulfoxide 
shock (11). Extracts were prepared 24 hr after transfection 
and assayed for CAT activity as described (12, 17). 

i*NA Analyses* RNA was prepared 24 hr after fransfection 
by using ihe guanidintum tsothiocyanate/cesium chloride 
method (18). Alternatively, polysomes were prepared (19) 
prior to RNA isolation^ For SI nuclease analysis, single- 
stranded DNA probes were prepared as described (20) and 
end labeled at the Fvu 11 site within the CAT gene . Probe (0.2 
pmol) was hybridized to 10 m of cellular RNA in 0.3 M 
NaCi/2 mM EBTA/1CK) mM Tris-HCI, pH 7,6, at 65T fbr 12 
hr, and single-stranded regions were digested with SI 
nuclease (20). Alternatively, a primer (the 5 *end -labeled 
coding strand of the 2?*bp ftm$ill~Dde I fragment at the 5* 
end of the CAT coding region) was hybridized to the RNA 
and extended by using reverse transcriptase as described 
(21). The resultant radioactive fragments were denatured, 
fractionated on 6% poly aery tamide sequencing gels, and 
visualized by autoradiography (20). 

RESULTS 

To examine whether RNA whose synthesis is catalyzed by 
RNA polymerase I can direct translation of a functional 
protein, we have utilized the hybrid plasmids displayed in 
Fig. L These constructs are based on pSV2-CAT of Gorman 
et aL (12), in which the bacterial CAT gene is inserted 
between the SV40 early transcription initiation segment and 
the SV40 small tumor antigen splice and polyadenylybiion 
regions. To form a CAT gene transcribed under direction of 
a polymerase 1 promoter, we have replaced the entire SV40 
pmmoter/enhanoer region of pSV2CAT with sequences 
from the mouse rRNA promoter region. The resultant pM- 
CAT contains rDNA sequence - 168 to + 57 (where - 1 is the 
transcription start site) Inat includes the ^150- bp polymerase 
I promoter defined in vitro (13). A second plasmid, pSVO'- 
CATj which is strictly analogous to pPoU-CAT and pSV2- 
CAT but lacks all natural eukaryotle promoter regions, was 
constructed from pFoil-CAT by excision of the rDNA se- 
quences. Derivatives of pFoII-CAT and pSVO'CAT into 
which m MSV enhancer segment was inserted in the natural 
(OA) or reverse tOB) orientation V to the CAT gene were 
also formed (Fig. l) t yielding pPoi^CAT^MSV(OA/OB) and 
pSV0^CAT'MSV(OA/OB), A final plasmid (p-2kbPoiI^ 
CAT) containing an additional L8 kb of upstream rDNA 
sequence (residues ~~2kb to -f57) was also constructed 
from pFoll-CAT (not shown). 

These plasmids were introduced into mouse L ceils by 
transient transfection using BEAE-dextran and a dknelhyi 
sulfoxide shock (17) > Extracts prepared from the cells 24 hr 
after transfection were assayed for CAT activity (12) (Fig. 2), 
Consistent with an earlier report involving a similar construct 
(11) t pPoii-CAT directs production of CAT enzymatic activ- 
ity IFig. 2* lane 4h indeed > the CAT activity f rom pPolt-C AT 
k substantiaUy greater than from the analogous ^promoter- 
less" construct, pSW-CAT; which yields a small but de- 
tectable level of CAT activity (lane 7), Strikingly* the pres- 
ence of the MSV enhancer in pFolI^CAT results in markedly 
increased CAT activity (fanes 5 and 6K demonstrating that 
translatable RNAs from pl*oIl*CAT are elevated by this 
polymerase 31 enhancer seginenL The level of CAT expres- 
sion from pPoH-CAT'MSVCOA/OB) is comparable to thai 
from pSV2-CAT (lane 10). However, the presence of the 
MSV enhancer also substantially raises the level of CAT 
expression from the promoterkss constructs pSVO'-CAT- 
MSV(0A/O8) (lanes S and 9), 
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Flo, 2. Assay of CAT erixy marie activity from transfected L 
ceils. L cells were transfected vviih the various oiasmids and 40% of 
the extract prepared frosa a dish was assessed for CAT 

activity. Uare&eted chtorarophenicol (Cam) audits h md 3-acctaie 
derivatives were separated ehromat^graphicaay. Lane 1, unit of 
CAT enzyme (P-L Bbehsmicalsh lane 2, extract from untransfrcted 
L cells; Jams* 3 -10, RNA from L cells transected with p-2kb?»!I- 
CAT (lane 3> t pFfcitCAT ttane 41, j>Poli-CAT*MSV<OA5 (lane 5), 
pPolI-CAT-MSV(OB) aatie 6h p$V0'-CAT flane 7), pSW-CAT- 
MSY(OA) ttae 8), pSW-CAT>M$V(OB5 £lane 9), or pSV2-CAT 
(Jane 1(1). 

To directly assess expression of these piasmids in 
transacted h ceils* we sought to analyze their transcripts. 
Unfortunately, SI nuclease analysis cannot be used to 
characterize the transcripts of pPolI-CATin mourn cells (20), 
This is because the primary rRNA transcript endogenous in 
the mouse L cells forms m S\ -resistant trimoleailar hvbrid 
with pPoli-CAT probe DNA and pPoll-CAl derived RNA, 
preventing detection of the actual initiation site of the 
pPo1i-CAT RNA, Consequently, we have analyzed RNAs 
from in the trausfeeted L ceJis by primer extension. A 
27-imeieotide end -labeled primer complementary to the 5' 
end of the CAT sequence (extending from 62 to M nucleo- 
tides T to the natural rRNA start sue of pPoli-C AT) was 
prepared and annealed with the RNA. After extension by 
inverse transcriptase, the products were analyzed by elec- 
trophoresis under denaturing conditions (Fig, 3). The majar 
extension product obtained with SNA from celts trarcsfected 
with pPoll-CAT (lane 3} co-migrates with the Nucleotide 
extension product obtained with RNA faithfully initiated on 
this plastnid in an in vitro transcription reaction (Jane 2), 
Thus; transcription initiates at position + 1 of the transfeeted 
pPott-CAT, and the amount of this KNA compares favorably 




Fio. 5, Primer extension analysis of RNAs from traasfected L 
cells. A 2?*aucfeoticte primer from the 5' end of the CAT geae was 
hy bridised to 20 j*£ of transferred RN A call md the hybrids were 
extended by using reverse transcriptase . Lane I , untran sfected L cell 
RNA; lane 2, RNA transcribed in vino from pFoii-CAT; lanes 3-5, 
RNA from L cellii transfected with pM-CAT Uaue 3K pSW-CAT 
{lane 4), or pSV^CAT (lane 5>; lane 6, RNA transcribed f« vitro from 
pPolt-CAT'MSVCOB); lanes 7 and 8, KNA transcribed from L ceils 
tnaasfected with pPnH4^AT-MSV(OB) tfaae 7} or pSW^CAT* 
MSV(OB) (Jane 8). M, markers, wife numbers of nucleotides 
indicated on the left. 



to that obtained from cells transfected with p3V2*CAT (lane 
5K However , since exten sion products of many other lengths 
are also observed m lane 3» it appears that transcripts in cells 
trausfeeted with pP&K-CAT also originate from other than the 
rDNA initiation site. 

RNA isolated from cells transfected with pSW-CAT 
directs production of only a relatively low level of extension 
product (Fig, 3> lane 4), The amount of this RNA is, however, 
increased by the presence of the MSV enhancer on the 
transacted pSVO'-CAT (lane §) f consistent with the CAT 
enzymatic assays (Fig, 2). This confirms that fortuitous 
initiation sites are present in pJSW-CAT piasmid sequences 
and suggests that these direct synthesis of a limited amount 
of RNA that in turn is translated into CAT protein. Moreover, 
this fortuitously initiated translatable RNA is elevated by the 
presence of the MSV enhancer evert when it is kb away 
from the CAT gene. 

In contrast, the MSV enhancer does not increase the level 
of RNA initiated accurately at rDNA residue + 1 of pPoil- 
CAT (lanes 3 and 7* Fig. 3). Since the enhancer-containing 
piasmid pPoH-CAT-MSV(OA/OB} directed synthesis of 
considerably more CAT enzymatic activity than did pPoil- 
CAT (see Fig, 2), this suggests that polymerase I-derived 
transcripts do not yield translatable RNAs. However, since 
the MSV enhancer resulted in elevated levels of RNAs that 
initiated at sites other than rDNA position +1 in pPoli-CAT- 
MSV(OB) (Fig, 3, lane 7), it appears that RNA from pPtolf- 
CAT that directs CAT protein synthesis does not initiate at 
the natural rDNA start site. 

To further investigate which RN A species does direct C AT 
protein synthesis, polysome RNA was isolated from cells 
transfected with pPoH CAT, pPoli CAF MSV(OB), or 
pSV2-CAT P and the 5 f ends of the resultant RNAs were 
identified. [Since polysomes do not contain RNA bearing the 
5' end of the primary transcript of the cellular rRNA genes, 
poly soma! RNA can be analyzed by SI nuclease mapping 
without the complication of trimotecuiar hybrids (ref , 20; see 
above) J Fig. 44 shows an Si nuclease analysis of this RNA. 
As expected, the 5' end of polysomal RNA from cells 
transfected with pSV2 CAT (lane 3) maps to the series of 
start sites known to be utilized by the SV40 early promoter 
region (22). Control RNA transcribed in vitro by polymerase 
I from pPoli-CAT in an transcription reaction similarly 
begins at the site expected for correct rKNA initiation (Jane 
4) and yields rut **207~nudeotide protected fragment. (Since 
the S V40 and the rDNA promoters contribute approximately 
equfii lengths of rra ascribed regions to pSV2-CAT and 
pPoii-CAT, respectively, their transcripts yield simifar 
lengths of $1 nuclease or primer extension products.) Strik- 
ingly, however, no pi^ysornal RNA from transfeeted pPoll* 
CAT (lane 1) or pPoil-CAT-MSV-OB (lane 2) begins at this 
normal start site, instead, there are two other classes of 
polysomal pPoil-CAT-de rived transcripts, both more prev- 
alent in cells tmnsfected with pPoO-CAT-MSV(OB) (lane 2) 
than in cells transfeeted with pPoli-CAT (lane I), The 5' 
termintjs of one of these RNAs maps to approximately 
position +32 of the rRN A gene; it corresponds to a relatively 
minor band of **55 nucleotides in the primer extension 
analysis of whole cell RNA (Fig* 3). The other class of RNA, 
detected as a 375-nucleotide protected "divergence band** 
(Ftg, 4A, lanes 1 and 2)« is transcribed through the rDNA 
promoter region from an initiation site or sites 5' to the rt>N A 
sequences. We thus conclude that CAT enzymatic activity 
resulting from transfection of L cells with pFoil-CAT and 
pPoit-CAT-MSV does not derive from correct initiation by 
polymerase I at rDNA position hut rather it derives from 
aberrantly initiated RNAs. 

To extend this result, we transacted CHO cells with the 
various CAT pksmids. Fig, 5 displays the resultant CAT 
enzymatic activity, CAT activity is indeed obtained with 



6680 Biochemistry* Lopata e$ uL 



Proc. Natl Acad ScL USA 83 (1986) 



> 



^0 w$ 



Fio. 4 SI nuclease protection analysis of KNAs sfcfived from 
transacted cells, {A) Analysts of polysomai RNA from L cells. 
Polyoma! RNA was isolated from L cells transfer* with pPolh 
CAT (Jane 1), pPoll-CAT-MSV(OB) ilm*2), or p$V2~€AT0am ». 
Lane 4, ENA transcribed from pPoll-CAT & v/7r<? was analysed, The 
probe for the pPolf-CAT RNAs (Jaoes 1, 2, 4) contains an insertion 
5' to the RNA polymerase I promoter region (375 aucteotities 
upstream of the labeled termmasi Correctly initiated RNA will thus 
yield a SOT-nucleoti&e band protected from SI ogefcase* while my 
RNA fhat reads into this promoter region from upstream will yield a 
discrete >75 -nucleotide band, The p$Y2*CAT SNA was; hybridj^ed 
to an analogous "divergence" probe from pSV2^CAT; correctly 
initiated RNAs wiB yield a series of band* of »*2Q$-22$ nucleotides, 
wiiile upstream initiated RNA will yield an *5tXkiucietnkie "diver- 
gence band/ ' M, markers, with numbers of nucleotides iiidicated on 
tke righi. &} Analysis of RNA from CHO cells. RNA from CHO cells 
transiected with p*2fcbMI*C AT was mapped by Si nuclease analysis 
as in A, RNA initiating at the correct rRNA transcription start site 
will yield a 20?*nuc!eotide protected fragment, whereas RNAs that 
initiate 5' to the rDNA sequences and transcribe into the rDNA 
sequences arc visualized in a divergence- N baud of 375 nucleotides. 

pSV2-CAT (lane 10), demonstrating that CHO cells can be 
successfully transacted by this protocol. In contrast to the 
results found with the L cells in Fig. 2, however, no CAT 
activity is detectable in cells transfecied with pFoJICAT 
(toe 4) or its MSV enhancer-containing derivatives, pPoii- 
CAT-MSVCOA/OB) (lanes 5 axtd 6), Nor was CAT activity 
observed m pSVO^CAT (lane 7) or pSW-CAT-MSV(OA/ 
OB) (Janes 8 and 9} rxansfectants. 

To test whether the lack of CAT activity in CHO cells 
transfeeted with rDNA-pTomoted CAT genes was due to an 
inability of the mouse RNA polymerase I promoter to 
function in hamster cells, we examined the RNA obtained 
from these trarisfected cells by SI nuclease mapping. As seen 
m Fig. 43, the mouse polymerase 1 promoter indeed directs 
synthesis of transcripts that initiate at position *1 of the 
rDNA promoter region. These results provide additional 
support for the conclusion that the translatable RNAs direct- 



Fig, 5, Assay of CAT enzymatic activity from transfeeted CHO 
cells. CHO cells were transfeeted with the plasmids indicated bebw 
and the extract prepared from a dish was assessed for CA'f 

activity (see Fig. 2K Lane 1> unit a>f CAT en^jme (P-L 
Biochcmicah); iajie 2, RNA from untraosfected CHO eelisi Janes 
3-10, extract from CHO cells transacted with p>2kbPolI>CAT (tane 
3), oM-CAT (lane 4>, pPoli-CAT-MSV(DA) (iane 5>, p?oil-CAT- 
MSVfOBj flane 6), pSVO'-CAT ftane 7), pSVO^CAT-MSVCOA) 
(lane 8), pSW^CAT'MSVfOB) (lane 9), or pSV2-CAT (lane m), 

ed by pPolI-CAT do not derive from accurate initiation by 
RNA polymerase L 

DISCUSSION 

The experiments described in this paper explore whether the 
rDNA promoter can direct the transcript ion of a gene that is 
notiaally traivscribed by RNA polymerase II, and if so* 
whether the resultam RNA is a suitable substrate for the 
maturaiion pathway that leads to translatable RNAs charac- 
teristic of polymerase 11-directed transcripts. Interest in 
these questions derives principally from two sources. First, 
an answer would serve to define the requisite specificity of 
the mRNA maturation pathway; is spiicing/polyaden- 
ylylatton/translaijon hnked in m>o to m RNA polymerase II 
transcription complex, or alternatively, are RNAs segregated 
into appropriate processing and utilization pathways solely 
on the basis of a property inherent to the RNA transcript 
itself? Second, since the rRNA promoter is among the most 
active known transcriptional initiators it could potentially 
serve as a very useful promoter tor active expression of a 
desired gene after transfecnon into growing cells. 

The question of whether RNA polymerase I-directed 
Iran scripts can yield translatable RNAs has been addressed 
in two previous reports (10, 11), which concluded that RNAs 
that initiate at the rRNA start mc and read into a T-antigcn- 
or CAT encoding region can indeed be translated into active 
protein, in accordance with these findings* using an analo- 
gous polymerase I promoter/CAT construct (pPolI-GAT) 
transiently transacted into mouse L cells, we do indeed 
observe the production of CAT enzymatic activity (Fig. 2) as 
well as of RNA transcripts thnt initiate correctly at position 
■tT of the rDNA (Fig, 31 However, theCAT-cncodmg RNAs 
on translating polysomes are devoid of transcripts that begin 
at position +T of the rDNA and are composed only of species 
that initiate aberrantly elsewhere in the plasmid (Fig. 4A). We 
therefore conclwde that the transcripts accurately initiated by 
RNA poiymerase 1 do not direct protein synthesis. 

The major class of the aberrantly initiated polysomai RNAs 
derived from pPoll-CAT and pPoO-CAT-MSV begins at 
approxtmately rDNA position ^32, Since the normal ATG of 
the CAT sequence is the first ATG encountered in this RNA, 
it is likely thai it is translated into CAT protein. Synthesis of 
a second class of polysomai RNAs initiated upstream of the 
rDN A region is also directed by pFoH-CAT, but these RNAs 
appear less likely to encode enxymatieatty active CAT 
protein since there are at least three ATGs (at rDNA 
pasitions -125, -100, and -45) prior to the ATG at the start 
of the CAT-encoding region. 

The conclusion that RNA transcripts that initiate at the 
normal rRNA initiation site do not yield translatable mRNA 
is further strengthened by results with p-2kbPoU-CAl\ a 
construct thai contains the entire rDNA promoter sequence 
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from ~2 kb lo * 51 but docs not direct synthesis of translat- 
able CAT RNA (Fig. i\ lane 3), The production of aberrantly 
initiated RNAs in ceils romsfected with piasmids bearing 
sroatt rDNA promoter regions is also consistent with data of 
Smaic and Tjian (23), who transfccied CDS cells with hybrid 
genes containing human rDN A promoter regions thai had 
undergone 5' deletions. These authors found that genes with 
large upstream rDNA segments (>I50 bp) initiate principally 
at ~1 of the rDNA setjuence, while genes carrying upstream 
domains with deletions direct production of increasing 
amounts of aberrantly initiated RNA <in the human case 
beginning at rDNA position -15 and -20), which are 
proposed to derive from transcription by RNA polymerase IL 

The analogy between the present mouse data ami the 
human data (23) suggests that the RNA initiated at + 32 of the 
mouse rDNA might also be transcribed by RNA polymerase 
I? rather than polymerase L Several additional lines of 
evidence support this hypothesis. First, this RNA does not 
appear to be made in an $400 extract of mouse cells that 
initial es transcription by polymerase I and III but not by 
polymerase II (B.S.-W, and K. Miller, unpublished obser- 
vations). Second, the level of this species is increased when 
an MSV enhancer is located m ch (Fig. 4A, lanes I and 2). 
while RNA initialed correctly at position +1 is not t Fig. 3, 
lanes 3 and 7). Third, the fS2 start occurs at a site 3' to a 
TATAA-iifcc sequence, FinaHy, as we have previously shown 
(20), mpPoit-CAT-lransfeeted cells treated with actinomycin 
D for I hr the +32 species remains while the M species is 
lost. This difference in stability is most likely dne to the 
pr esence of a 5 7 cap structure on the +32 species, since in 
previous studies the lack of a 5' cap structure has been shown 
to cause dramatically lower RNA siab&fy OX 

Transfeetion into CHO cells shows that neither pPoil- 
CAT, pSVO'-CAT, nor their enhancer-containing derivatives 
direct synthesis of functional CAT mRNAs that produce 
measurable CAT enzymatic activity (Fig, S). Jvfoieover, in 
these cells pPoO CAT-MS V yields detectable transcripts 
initiating only at position +L Thus, our data mandate the 
unexpected conclusion that gene expression m the CHO cells 
is considerably more stringent than in the L cells, since 
sequencer that are fortuitously utilized in L cells to direct 
raRNA prtjduction are not utilized in CHO ceils. 

The mouse rDNA promoter is active in CHO cells as well 
as in mouse cells (Fig, 4#), Thus* the species -specific 
interactions that discriminate mouse from human rDNA 
templates (24-26) do 'not do so between mouse and CHO 
rDNA. This result [which is consistent with recent data of 
Dahr et ai (27)} reinforces the growing body of evidence 
suggesting that speciation is not causally coupled to changes 
in rRNA promoter specificity. 

Since the RNA polymerase I-transenbed hybrid RNAs are 
not able to direct protein synthesis, what then is the fate of 
these transcripts? Are these RNAs recognized by the enzyme 
systems that poiyadenylylaie and splice pre-mRNAs and 
transport them to the cytoplasm? Unfortunately, strong 
conclusions concerning these questions cannot be drawn 
from the present data. As the result of the short lived nature 
of the reinitiated pPoiI«CAT RNA, we have not yet dem- 
onstrated spliced transcripts initiating at + L Snch problems 
are exacerbated in mouse cells by the presence of other CAT 
transcripts, which likely derive from synthesis by polymerase 
II (see above). We have also failed to detect rRNA initiated 
at tl that is polyadetryiy fated or localized in the cytoplasm 
(M,AvL, f unpublished data), h\n this may simply reflect the 
instability of the polymerase f-dtreeted transcripts rather 
than their unsmtabitity for the polymerase II processing/ 
transport pathway. 



Finally, onr experiments address the mechanism of action 
of RNA polymerase 11 enhancer sequence $> The presence of 
MSV enhancer sequence on the CAT pksmid that lacks any 
normal eukaryotic promoters (pSVSG'-CAT) markedly raised 
the level of CAT RNAs that initiated fortuitously (presum- 
ably under direction of polymerase II), Similarly, the MSV 
enhancer also raised the level of RNAs that initiated aber- 
rantly within the rRNA region of pPoH-CAT, In contrast, the 
level of RNA that was correctly initiated at residue +1 was 
not increased by an MSV enhancer located in c& (Fig. 3> lane 
?}. Thus, transcription by polymerase I is not stimulated by 
this polymerase II enhancer segment. Complementary stud- 
ies (J, Windie and B.S,-W,, unpublished observations) have 
shown that an RNA polymerase II promoter placed in cis 
with a frog polymerase I enhancer segment also fails to 
enhance the level of transcription. These data therefore 
sujgjgest thai polymerase 0 and f enhancers act in polymerase- 
specific manners. 
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Interferon tlFNKsfimuJsted gene factor 2 (ISGF2) plays a role in transcription of tne beta IFN (IFN«fK) gene 
and IFfrstimulatetf genes (ISGs) and may fuoctfon as a central mediator of cytokine responses* Constitutive 
LSGF2 transgene expression requited in substantial resistance to three RNA virus families* This paenofcype was 
not a consequence of IFN prnduettea and may have arisen directly through ISG expression* ISGF2 act«d 
generally m a positive transcription factor through binding sites front several genes* In the context of transient 
cufransfcetkm, Constitutive transcription of tne endogentms IFN-fJ gene* and several genes that are normally 
induced by either 'IFN** or IFN-^y, or only by JFNhc*, was elevated in ceils that constitutsvely express an ISGF2 
transgene. However* constitutive and viros4ftdueed levels nf IFN-0 mRNA were unaffected in such eeft lines. 



Interferons (IFNs) were named for interference with viral 
injections and are also well known for their elects on cell 
growth md differentiation. These cytokines are grouped in 
two classes. Type I IFNs include an alpha interferon (IFN-a) 
gene family* which is expressed predominantly in leuko- 
cytes, plus the JFN-p gene, which is expressed in fibro- 
blasts. Type H IFN is known as IFN-7 and is produced 
predominantly, if not exclusively > by activated T cells, "Hie 
exact eSect of IFN treatment depends on which cell is 
exposed to which IFN (reviewed in reference 11}* Type I and 
type If IFNs bind to distinct receptors (I, 2X 63), Several 
genes activated rapidly solely in response io JFN-<* have 
been called IFN-stimalated genes (ISGs) (29, 31, 53), The 
6 16 gene is also in this class (13). Some genes, such as that 
for gnanviate binding protein (GBP), HLA-A2 (and other 
class 1 major histocompatibility complex antigens), and 9-2?, 
are immediately induced by eitber IFN -a or IFH-y (X & y % 
14, 35, 55). It is generally accepted that the ability to elicit an 
antiviral or antiproliferative state is due to transcriptional 
induction of the TSOs and other previously quiescent genes 
and the resultant production of new proteins. It has been 
shown that ceils resistant to IFN-ot are deficient m ISO 
activation {26). However, the contribution of individual 
proteins to the biological effects of IFN are largely unknown. 

An IFN-siimulaied response element (ISRE) has been 
shown to be necessary and sufficient for IFN-a induction of 
ISGs (25, 53)* Three ISO factors (ISCFs) found in nuclear 
extracts hind to the ISRE in vitro. 1SGF1 is constitutive (33). 
ISGF2 is present at a low bass) level, and its synthesis is 
induced in response to type I or II IFN> as well as tumor 
necrosis factor alpha, intedeukin and virus infection 
(21, 33, 45, 47), LSGF2 is also known as IRF-1 and can bind 
to the PRD-1 regulatory dement of the gene (47). 

TROF3 is composed of a DNA-binding sub unit and additional 
latent subumts (15), Analyses of DNase-hypersensittve sites 
and footprints m vivo are consistent with the appearance of 
f SGF DNA-hindirig activities in extracts and transcription of 
ISGs measured by the nuclear run-on assay (40, 46). Many 
lines of evidence show that ISGF3 mediates signal transduc- 
tion and the immediate transcriptional activation of ISGs 
(35, 25, 26, 32, 33) m response to IFN-a « 



The role of ISGF2 has become a key question with regard 
to both the transcriptional activation of IFN genes and the 
attainment of an antiviral or antiproliferative state after cells 
are exposed to IFNs. Prolonged exposure to IFN is required 
so produce these biological end points 01, 44}> which sug- 
gests that steps beyond the well-studied immediate tran- 
scriptional responses must he involved, 1SGF2 was the first 
transcription factor found to be newly synthesized in re- 
sponse to IFNs and seemed likely to be a critical part of such 
a pathway. To help unravel the biological function of ISGF2, 
the protein was purified and cDNA clones were obtained 
(47). During these studies, it was found that ISGF2 induced 
by virus infection, IFN-a* or IFN-v had essentially the same 
steady state distribution of phosphorylated isoforms. The 
low constitutive level of ISGF2 also exhibited similar iso- 
forms. Differences in the function of JSGF2 dependent on 
the means of induction could still occur, but would reflect 
other changes effected by its inducers, or very subtle varia- 
tions in ISGF2 itself. By manipulating the expression of 
endogenous ISGF2, it has been found that ISGs and the 
IFN ^ gene can be induced in the near absence of 1SGF2* 
and conversely, treatments that produce high levels of 
ISGF2 do not necessarily induce these genes (47). However , 
transcription of these genes can be induced in the presence 
of high levels of ISGF2, Thus, JSGF2 does not seem to be a 
transcript ion a I repressor. Cotrans&ction studies have 
shown that in mouse L cells* ISGF2 can activate transcrtp- 
Hon from a synthetic muhimeriaed binding site strongly, but 
£he native lFN*p promoter only weakly (2D). Yet in rnouss 
¥19 EC eells, native IFN and H-2L !i promoters are good 
targets in a cotransfecdon assay (21), Perhaps ISGF2 does 
contribute to IFN-g or ISO iranseription and thus help 
mediate induction of or biological responses to type I iFN v 
when pre sen 1 in the right context. The ambiguities inherent 
in conclusions dependent on cotransfectton experiments and 
manipulations with agents that have pkiotropic effects have 
required additional studies. 

In this report, it is shown ihat cotratisfection of an ISGF2 
expression construct leads to activation of reporter genes via 
authentic binding sites from the IFN~fk GBP, or ISO 15 
promoters. To validate and extend these results, I made 
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stable cell lines to obtain elevated constitutive expression of 
an ISGF2 transgene. The endogenous! IFN-ji gene and 
endogenous genes that contain an iSR£ y i needing HLA-A2, 
GBP* and ISOI5, were transcribed at an elevated basal rate 
m cells that expressed the ISGF2 transgene compared with 
control cells that did not. However, with a polymerase chain 
reaction {PCR)-based assay, constitutive rnRNA was 

not detected in any of the cells* and no differences between 
experimental and control cell lines were seen in vsrus induc- 
tion of IFN-g mRNA. fn addition to this first direct demon- 
stration of transcriptional eifeds on endogenous genes, 
these studies also uniquely address the biological role of 
ISGF2, Cells that expressed the ISGF2 fransgens were 
resistant to infection by pkwnavtnis ? paramyxovirus, and 
rhahdovirus. There was no detectable production of I FN by 
these cells, and anHTFN neiU ra It z ing antibodies did not 
change the virus resistance. Among the genes induced by 
JFN, ISGF2 may have a broad role in the pathway that leads 
to the antiviral state. 



MATERIALS AND METHODS 

Piasimds. Reporter constructs contained one or four cop- 
ies of an iSGF2-bmding she plus CATC cohesive ends, 
%ated and inserted into a BamHl site upstream from a 
human unmunoctefidency virus minimal pnsmoter (57), 
linked to a chloramphenicol acetyl transferase (CAT)*codmg 
sequence and followed by simian virus 40 splice and poly- 
adenylation sequences, as described previously (3r>). The 
HIVCAT plasmid was used as a negative control The 
I$0F2-bindsng sites (in boldface type) were within se- 
quences from IFN-p (GAGAAGTGAAAGTGGGAAATT 
OCT), TSGI5 (CTCGOGAAAOGGAAACCGAAACTGAA 
GCCl and GBF (CCCTAATATGAAACTGAAAGTAGT 
ACTA). 

An epidermal growth factor receptor expression construct 
(38) was modified m follows to make TSGF2 expression 
constructs. For ail constructs y EcoGpt sequence was re- 
placed with an EcoM fragment from pSV^Neo that includes 
the neomycin phosphotransferase sequence. SV-ISGF2 was 
then made by replacing the epidermal growth factor receptor 
cDNA with fSGF2 cDNA (47).. MT-ISGF2 was made by a 
further substitution of human met&tlothionein H enhancer 
and promoter sequences (24) in place of the simian virus 4(J 
control elements that were upstream of the ISGF2 sequence 
in SV-1SGF2. MX-Xba lacked ISGF2 cDNA sequence, but 
was otherwise the same as MT-ISGF2, The CMVp-GaJ 
plasmid was from California Biotechnology, inc 

Cell culture,. transfectiori* and cytopnthk ttffect assays, 
litUi S3 cells (ATCC CCt 2.2) were grown as monolayer 
cultures in Dulbccco modified Eagte's medium (GfBCO/ 
BRL) plus 10% calf serum (HyCione). DEAB-dextran trans- 
fections were performed essential iy according to a standard 
protocol > modified as previously described (36), Each trims- 
fectson included 20 jig of MT*ISGF2 and/or MT-Xba (com- 
bined), 2,5 u,g of reporter construct, and 2 ^g of CMV0»Ga! 
internal standard. Cells were treated with 100 m-M ZnSQ 4 
approximately 24 h posttransfection. Extracts were made 
approximately 4$ h posttransfection and assayed for £-ga- 
lactosidasc and then for CAT by standard procedures (60), 

To obtain stable cell lines* He La S3 ceMs were transfected 
with SV-1SGF2 as a calcium phosphate precipitate by a 
standard method (19) and selected for resistance to G41$ 
(GIBCO/BRLU fndi vidua! colonies were propagated and 
maintained under continuous selection with G4I8 at 250 



u,g/mL Expression of functional ISGF2 was determined (see 
below) to evaluate the cell lines. 

For cytopathic effect assays, viruses were obtained from 
the fol 1 owing ind ivjtiu a Is : e nceph alomyoca r di t is viru s 
(BMCV) from fan Vileefc* Newcastle disease virus (NOV) 
from Fravin Sehgal r and vesicular stomatitis virus (VSV) 
(Indiana serotype) from Lawrence Pfeffer Monolayer cul- 
tures in 96-weii plates were near confluence when infected 
with EMCV or VSV or approximately 30% confiuent when 
infected with NOV, Viruses were diluted in medium without 
serum and added directly to the culture medium in each well 
The final serum concentration was at least 5%, Approxi- 
mately 24 h af ter EMCV or VSV infection, or approximately 
72 h after NDV infection* the monolayers were stained »s 
described previously (57). 

Whole-ceil extracts and eteLlropfeoretic mobility shift assay. 
All steps for extract preparation were done at 0 to 4*C. 
Monolayer cultures in 24- well plates were- washed with 
phosphate-buffered saline and then scraped with a rubber 
policeman into SO pi of extraction buffer (0.5% Noaidet 
0.3 M Nad, 0,1 mM EDTA, 20 mM HEFES [N^h^koxy- 
ethylpiper^ine^ v "2'ethanesulfDnic add] [pH 7.9], 10% 
glycerol; I mM dithiothrekol, 0.4 mM phenylm ethyl suifonyl 
fluoride, 3 u,g of aptotfmn per ml, 1 [Xg of leupeptm per ml, 
and 2 ug of pepstatin per ml were freshly added to the buffer 
before each use). The samples were transferred to microcen- 
trifuge tubes, incubated for 60 min with occasional mixing, 
and then clarified by centrifugatkm for 5 min at 13,000 x 
The supernatants were recovered and assayed tor DNA- 
binding proteins with an ohgonucleotide probe that con- 
tained the ISG15 ISRE sequence as previously described 
{47}, 

Determination «*f transcription rates. Run-on assays were 
performed with isolated nuclei to determine reJative rates of 
transcription as previously described {29). Fragments con- 
taining HLA-A2 genomic sequence (27), ISGF2 cDNA (47), 
1SG1.5 or ISG54 exons 53), fFN-p cDNA (gift of E. 
Knight, DuPoni), GBF cI>NA (fi)> or a ^"tubulin pseudogene 
(66) were isolated from previously described constructs (6, 
4$) and used as probes. MDmplS replicative-form DNA was 
used as a negative control probe. 

RNA preparafioB sad FCR *smy* Total cytoplasmic RNA 
was prepared from monolayer cultures in 6 -well plates 12 h 
after mock infection or VSV infection (multiplicity of infec- 
tion JMOI] ■« Tu accoxdmg to a standard Nouidet lysis 
protocol (t^O). Equal allquots of these RNA samples , mixed 
with total cytoplasmic RNA from tat 01 cells (constitutive 
IFN-ft producers [42]) f or of the rat RNA aione were treated 
with DNase. The digestion was slopped by phenol extrac- 
tion „ and the RNA was recovered by el ha no! precipitation. 
The recovered RNA was primed with oligo(dT) and incu- 
bated in the absence or presence of reverse transcriptase. 
These samples were then used for PCR. 3FN*p sequences 
were amplified as described ptevbusly (42). The reaction 
products were elect rophoresed and blotted to Zetaprohe 
(Bio-Rad), The same primers and reaction conditions as used 
for the RNA samples were used to amplify rat or human 
genomic JFN-p sequences; then the amplified fragments 
were recovered, radiolabeled with [a^PJdATF by random 
priming (12), and used to probe the PCR-amplified RNA and 
control samples, 

RESULTS 

General rofe for X$GF2 as a positive transcription factor. 

Differences in the outcome of cotransfection experiments 
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FTC- 2. Constitutive expression of an JS0F2 trsnsgene m stable 
cell firres. HeLa S3 cells were transacted with an expression vector 
thai contained transcripttcm units to express ISGF2 cONA ami 
neomycin phosphotransferase, each tender the control of a separate 
simian virus 40 enhancer and promoter element. Ceil lines were 
expanded from single G4XS ^esktasu colonics, A one-step procedure 
was used to prepare crude whole-cell extracts, which were assayed 
by ekctrophoretic mobility shift with an ISO! 5 1SRE oii^muefcxv 
tide probe. Reaction mixtures contained unlabeled oligonucleotides 
of sequences from \m unrelated gene as nonspecific competitor 
(NS)> from the IFN-JJ pmmotcr to compete against fSGFi, 150 F2, 
and closely related proteins (IFN), or the ISQ15 ISRE T which was 
also used m the probe, to compete against all spedfieaily hcjjjrad 
proteins (ISO), The spedfic DN A- protein complexes arc as indi- 
cated. The excess free probe is not shown. 



FIG, 1, ISGF2 can activate expression from various authentic 
binding sites. The amount of the MT«ISGF2 expression construct 
for escn transfecuon increased from 0 to 20 ^g, but the total DNA 
was kepi constant by corresponding decreases tn the amount of the 
control MT Xba vector from 2-tj to 0 as indicated. £ach trans 
fection also tadutfed fixed amounts of s CMVJS-Gal plasmid as m 
un tern a I standard ami the indicated reportes construct. The reporter 
constructs contained four copies of the ISO IS* GBP, or JFN-fJ 
promoter sequences shown hi the experimental procedures, fused To 
the CAT gene. Extracts normalized for £ gaiactosidase activity 
were assayed for CAT expression from the reporter construct*. The 
TSGI5 construct resulted in very high basal activity and correspond- 
ingly higher induced activity- Therefore, CAT assays were done 
with t'lOth as much of these extracts as of the others, on the basis 
of f^galactositksc activity. 



with synthetic iSGF2-bindmg sites compared with native 
IFN$ promoter sequences as the target in mouse L929 cells 
(20) and discrepancies between such results and studies; of 
endogenous IFN -$ gene transcription in HeLa cells (47) 
requir e further clarification of the activity of this factor. The 
possibility thut ISGF2 activates other genes, such as JSGs, 
that contain a binding site is also unresolved. To test that 
possibility and investigate the generality of any rale for 
SSGF2 in the activation of the fFN-p gene, transient cotrans 
Section experiments were performed with HeLu S3 cells. 
Reporter constructs were made with one or four copies of 
the FRD4 and the PRD-2 elements from the human IFN-£ 
promoter, the ISKB sequence from I5G15, or the ISRB 
sequence from the GBP gene, upstream of a human imnru* 
nodefteieney virus minimal promoter fused to CAT-eoding 
sequence, and then spiice and polyadenylatioa sequences 
from simian virus 40, It has previously been shown that 
binding of ISGF2 to these sites is based on the presence of a 
nonamer consensus sequence (25* 47) mid thai the PRB-2 
element in the sequence from the IFK-p promoter is a 
binding site for NP-kB or related factors, hut not TSGF2 {16, 
22, 30, 47, 64), 

Each of these plasm ids was transfeeted into HeLa S3 cells 
with a mixture of an expression vector {MT-ISGF2} 



and the same vector lacking the ISGF2 cDNA insert (MT 
Xba). As the amount of the expression vector was raised 
from 0 to 20 p.g T and the control vector was correspondingly 
lowered to maintain a constant total amount of DNA, each 
reporter construct was increasingly activated (Fig. l)< The 
assay after transfection with 20 p.g of MT-Xba produced 0,5 7 
0,8, and 0,6% acetyi&ted chloramphenicol and maxima: 
activation with 20 >ig of MT-ISGF2 yielded L8, 1.3, and 
LS% aeerylated chloramphenicol for the cotransfecteci 
IFN l$G y and GBP constructs, respectively. Similar 
results were obtained in three additional experiments with 
these reporter constructs and with reporter constructs that 
contained a single copy of a binding site (data not shown). 
The very low basal activity of the minimal HIVCAT re* 
porter, with no TSGF2 binding site inserted* was the same 
whether cotransfected with 20 r§ of MT-Xba or 20 of 
MT ISGF2 (data not shown). Thus, in HzUi S3 cells, ISGF2 
can activate transcription from the IFN-JJ or ISO regulatory 
elements tn the context of a transient transfection, although 
weakly. It is unlikely that activation of the iSRE-contaming 
reporters is due to production of IFN by the tnmsfected cells 
(see below). 

Motectiiar ejects of constitnJiw IS€Fi fcransgKrte expresskm 
in stable eell Imes* Examination of stable ceil lines that 
include an ISGF2 fcransgene was undertaken so distinguish 
between what can happen in a cotransfection experiment 
and what does happen to e ndogenous genes when the 1SGF2 
transgene is Integrated in chromatm and constitutively ex- 
pressed. G4l$-resistant colonies were isolated, expanded, 
and propagated under continuous selection after transfection 
of HeLa S3 ceils with an expression vector that encoded 
both ISGF2 and neomycin phosphotransferase in separate 
transcription units. Whole-cell extracts prepared by a single- 
step procedure were assayed for the level of ISGF2 DNA- 
banding activity by electrophoretic mobility shift assay with 
an ISG1S sequence as the prabc. 

Figure 2 shows the specific ISGF-DNA completes in 
assays of three G41S- resistant cell lines. Cell lines LI imd 
I A h^ve distinctly increased 1SGF2 DNA-blnding activity. 
In contrast, ceH Hue L6 exhibits a typical low constitutive 
level of 1SGF2, which is much lower than the constitutive 
ESGFI -binding activity, as h the case for the parental Hela 
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FIG. 3> Constitutive transcription of IFN-stimuJatcd and IFN-ft 
genes is f%her in the iSGF2 tran^cne-expressmg cell Hn« i.'t than 
i» ihe control cell line L6> Nuclei were isolated tVom the 14 and 1.6 
ccUJines,. artd nascent RNA was elongated in the presence of 
[a^FJUTF, Radiolabeled RNA was isolated and hybridised to 
excess DNA fixed to attrocettutose to determine the transcription 
rale of the indicated genes. Tubulin serves as ar> internal standard* 
and MO rtpKcatrv&»fcrm tRF} DNA ts a negative control for 
specificity of hybjidizatfoit. 



S3 cells (for example, sec Fig. g in reference 47). While there 
is some variability among the eel! lines in the apparent 
amounts of ISGFl or ISCF2 from one set of ex tracts to 
another* in every ea.se> L6 has less ISGF2 than it has ISGFl, 
while LI and 1*4 always have relatively more 1SGF2 than 
ISGFl, The constitutive level of ISGF2 in cell lines 1.1 and 
1.4 is comparable to the level that is induced by IFN*a in ceil 
line L6 or parental cells (data not shown). fSGF2 was 
identified m these extracts by us characteristic mobility, 
specificity of binding, and reaction with anti4SGF2 antise- 
rum in the electropfcoretic mobility shift assay and on 
Western blots (immimoblots) (data not shown). A protein 
labeled as ISGF2' was present only in ceils that also contain 
m elevated level of ISGF2. ISGF2* formed a unique protein- 
DNA complex that had the same binding site specificity as 
ISGFL A corresponding new band with apparent molecular 
mass of 46 IcDa was detected on a Western blot with 
»uti*ISGF2 antiserum, and its reactivity with the antiserum 
was comparable to that of 1SGF2 in relation to the level of 
DNA-binding activity (data not shown). Thus, ISGF2' is 
almost certainly also a product of the expression vector, Cell 
lines LI and I A were used to investigate the consequences 
of increased constitutive ISGF2' and ISGF2 expression, 
while cell line 1.6 was maintained in parallel to serve as a 
control along with the parental HeLa S3 cell line. 

The transcription rates of several genes that are known so 
have regulatory elements to which IS OF 2 can bind, of 
ISGF2 itseiJ; and of $-tuhtiiin as an internal standard were 
directly measured in the experimental and control cell lines, 
L4 and La* respectively. The results of such a run-on assay 
ate shown in Fig. 3 . The probe for 1SGF2 measures the sum 
of transcription rates of both the endogenous gem and the 
iransgene, which is greatly increased in cell fine 1,4 com- 
pared with L6> consistent with the increased constitutive 
level of 1SGF2 proiem(s) in those cells. The major histocom- 
patibility complex class I gene HLA-A2 and the GBP gene, 
both inducible by either type f or 11 IFNs, die !FN-a- 
stimulated gene !SG15„ and the IFN $ gene all exhibit 
elevated basal transcription rates in eel? line The basal 
transcription ra te of the f FN ^-stimulated gene ISG54 is 
essentially the same in the two cell lines, and the transcript 



F1G. 4 S Constitutive expression of an t$GF2 transgen* does not 
alter the con»t4lutfv& or virus-induced level of I raRNA. Total 
cytoplasmic RNA was prepared from mock-infected or VSV-in- 
ftreted cell Sines or HeLa S3 cells m indicated. Each sample was 
spiked with total cytoplasmic RNA from rat 0.3 cells, which have a 
high constitutive level of fFNS raRNA {42), treated with DNaot, 
and then prepared for PCRs by priming wiih oJigc<dT} and iwubat 
lag without or with reverse transcriptase as indicated, Control 
samples included only RNA from ths rat ftl cells or human genomic 
DNA. PCR was performed with primers couunnn to the human and 
rai IFN-n genes (42). After electrophoresis and blotting, she FCR 
products were hybridized sequentially with probes specific for ihfc 
human or rat IFN ^ genes. The rat RNA served as an external 
standard showed that the efficiency of tfcs amplification was the 
siime in each sample. The assay did measure RNA, since amplify 
c at ton did not occur if reverse transcriptase was omitted, and the 
probes mzd did specifically detect either human or rat IFN -13 
prods rets as demonstrated by control reactions that contained only 
or*t or the other template. 



lion rates of all these genes relative to the tubulin standard 
are comparable m cell line l£ and the parental HeLa S3 cells 
(47, 54), 

To assess the influence of 1SGF2 transgenc expression on 
the viral induction of IFN-ft gene expression* I measured 
fFN^ mRNA in mock-infected and VSV^nfected experi- 
mental control, and parental cells (Fig. 4). Surprisingly, the 
constitutive level of IFN-p mRNA in mock-mfectcd celk 
wafc essentially undetectable in this PCR-tased assay, TFN-fi 
mRNA was induced by VSV infection. However, the bvei 
of the induction was comparable in all these cell hues. Cell 
line 1.1, which is similar to ceil 3 me 1 .4 in expression of the 
ISGF2 transgenc, also had undetectable constitutive and 
comparable induced levels of IFN-ft mRNA (data not 
shown). This qualitative comparison of constitutive or in- 
duced TFN-p mRNA levels among different cell lines does 
not depend on a quantitative assay, Detection of the virally 
induced human IFN-p" mRNA provides a positive control for 
the relative sensitivity of this PGR protocol, even though a 
constitutive arnotmt of template RNA below the detection 
limit is inherently below the linear range. However, the 
strong signal from the rat RNA added as an external stan- 
dard does show that the level of human IFN^P mRNA 
detected in samples from vfrus*irtfected cells is far from 
exceeding the capacity of the assay. 

Constitutive expression of the trausgeae confers an 

antiviral slate* Figure 5 compares cell lines I A and L6 for the 
cytcpathic effect of VSV infection. As cells were infected 
with increased amounts of virus, the proport ion of cells that 
are viable 24 h later decreased, as evidenced by the failure to 
stain with a vital dye. On the basis of the MOl required to 
achieve near 100% ceil death, cell line 1,4 was approximately 
30-fold more resistant to infection than the control cell line 
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FIG, 5. Cell line IA ss resistant to VSV infection. Confluent 
monolayers of cell tine 1,4 or 1.6 o; parental Helja S3 cells were 
mock injected or infected with increasing muUipSiemes of VSV as 
indicated and subsequently stained to revest the extent of the 
cytopathfc effect, as described m the experiment** procedures. 



1,6 or the parentai HeLa S3 cells. Cell line 1.1 was similarly 
resistant to the cytopathic effect of VSV infection (data not 
shown). This significant bioiogtea! response to const itu live 
expression of the ISOF2 transgene was a surprise , since little 
or no IFN-S mRNA had been detected in the resistant cell 
lines. 

Another infection was performed in which eel: line 1A was 
compared with celt line 1,6 treated with increasing amounts 
of IFN-rs, The top parte! of Fig, 6 establishes cell Ime 1,6 as 
a reference for the effect of I FN, and the bottom panel shows 
fche effect of conditioned medium from the experimental cell 
ime on the same reference cells. Ceil line 1.4 had resistance 
to VSV infection comparable to what was conferred on cell 
fine L6 by IFN-o added at 100 V/ml The medium was 
removed from the wells of the plate shown in the top panel 
after 24 h of condittontngj before the virus infection, and 
added to she respective wells of a second plate, shown in she 
bottom panel, that contained only L6 cells. This experiment 
tested the possibility that the antiviral state of ceil line L4 
was due to production of IPN-ou if noi IFN However, the 
conditioned medium from untreated cell line L4 conferred 
no protective effect, as seen by comparison with the adjacent 
column, which contained medium conditioned by ceil line 
1,6, or with the untreated L6 cells seen in the top panel. In 
contrast* the medium to which IFN had been added during 
conditioning conferred vims resistance to the cells on the 
second plate comparable to what had been observed for the 
imt plate. Thus, IFN-cx in the medium was effective under 
there circumsiances. Clearly, cell line L4 did not secrete 
enough fFN in 24 h to account for its degree of resistance to 
VSV infection, nor even enough to produce the effect of 
conditioned medium that had been supplemented with 10 V 
of fFN-** per ml at the start of conditioning. 

Figure 7 shows that the resistance of eels line 1.4 was also 
not due to chronic low-level production of IFN, which might 
have produced an antiviral state even though the level of 
f FN production was below 10 U/ml/day. The leftmost two 
columns demonstrate thai a mixture of neutralising antisera 
against XFN-o; and J FN- 3 had no effect on the resistance of 
cell line L4 to VSV infection. The three adjacent columns 
show that these sera did block the cumulative effect of daily 
doses of IFN at 10 U/mL which otherwise provided signirV 
cant protection against VSV infection- The rightmost col- 
umn shows that, as expected, a preexisting iFN-induced 




HO. 6> Ceil line I A has virus resistance that is comparable to 40 

that of !FN-ttcuied eoaUo3 eel is. hut does not secrete a correspond- •< 

ing amount of fFN. (Top) Gets anes were seeded near confluence in § 

96-well pkitm with medhtm that contained 3 FN a as indicated. After tj 

24 h> the medium was removed, fresh medium was Added, and the |r 

cells were infected with VSV at the MOl shown. (Bottom) The g 

conditioned medium from me first plate was used to repjzctf the ^ 
medium from a second plate that contained con fluent monolayers of 

cell line 1 Jt in each wdt "The second plate waft infected whh VSV as ^ 

indicated 24 h after the addition of the conditioned medium, The jg 

celts on each pirn were stained approximately 24 h postinfection. » 



antiviral state would have decayed during the experiment. 
Four days after treatment of the control cell line 1*0 for 24 h 
with 30 U of IFN-a per ml> the cytopathic effect assay 
showed no difference from untreated control cells. 

It still remained possible that the elevated constitutive 
3 eve: of LSGF2 primed cell line L4 for rapid and enhanced 
production of IFN during a vsrus infection* such that a 
paracrine protection of the cell population occurred. How- 
ever, Fig, 8 shows that the presence of the neutralizing 
an ti&era during virus infection had essentially no effect on 
the cytopathic effect of VSV for the experimental resistant, 
sensitive control, or parental cells, Figure 8 also shows that 
the resistance of cell line 1.4 to virus infection was a general 
phenomenon. As seen for the rhabdovirus VSV, attainment 
ol cytopathic effect comparable to what is seen for 1.6 or S3 
ceils again requires 30- to lOOdbld -higher MOI for EMCV y a 
picoroavmts, and for NDV, a paramyxovirus. Ceil line LI 
also had some resistance to these additional viruses (data not 
shown). 
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FID, ?. Antiviral sfaJr of cdj K?ie 3.4 is unaffected by growth iu 
the presence of neutralizing antHFN antibodies (absV Cell line.*, 
were seeded at S io 10% confluence in S**UweU plates on day 1, and 
after attachment f 13 U of each I FN per mi or antibodies against 
1FN*& and IFN-p sufficient to neutralize >500 U of each J FN per mi 
were added as indicated. On day 2, medium and IFN were removed 
from ihe f FN- treated ceils and replaced with fresh medium without 
IFN. Other cells received S U of each IFN ner srd tm each of days 
2 to 5 as. Indicated, Medium was removed from ail wetss on day 
and the cells were infected with VSV an fresh medium at the 
indicated MOl arid then seined approximately 24 h postinfection. 



DISCISSION 

The results reported here show virus resistance in cells 
that stably express an JSGF2 transgene but do not produce 
any IFN. EMCV, NDV, and VSV, RNA viruses from three 
different families, were all less able to cause a cytopathjc 
cfifeci in such cells than in the parental cell line. Bin ding sites 
from IFN p. ISG.I5, and GBP promoters provide targets for 
activation by eotr&it&fection of an ISGF2 expression vector, 
and transcription of the corresponding endogenous genes is 
elevated in the virus-resistant stable cell line I A compared 
with the control stable cell line L6« which is sensitive to 
virus infection. 

Biologies* cm sequences of constitutive iransgene 
expres$io&. The biology of cells that stably expressed an 
ISGF2 transients was a critical focus of these studies. Two 
independently isolated clonal cell lines (Li and 1.4) that 
express the iSQFI transgenc were more resistant to EMCV 
and VSV than the control or parental cells. Cell itnc 1.4 was 
also resistant to NDV, Cell line Li was slightly, if at all, 
more resistant to NDV than cell line 1.6, and both were 3- to 
104old more resistant to NDV than HeUi S3 cells. The 
control ceil line IS is overall a represemative sensitive 
clone, since it was generally more sensitive than cell lines LI 
or L4 and similar to the parental HeLa S3 cells. Together, 
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FIG. Cell line 1.4 resistance to three virus families is not a 
consequence of infection -mdeced production of IFN. Cell tines or 
parental He La S3 ceils were seeded in 96-wefJ ptates at 100% 
confluence (for EMCV or VSV infection) or 30% conHttence (for 
NDV infection) as indicated. After attachment, they were in fee led, 
in the absence (~) or presence of antibodies (afo % $) against IFN-«< 
and IFN^ «ujQieienf to neuIraUze >500 U of each VFS p«r ml, with 
EMCV* NDV or VSV at the MOI sfiowa. Approximately 24 h 
(EMCV and VSV) or 72 h (NDV) postinfection, ihc cells were 
mme4 m determine cyropathic effect. 



tiiese points shew thxt the resist Eince is mn due to clonal 
variation within the original rx)pnlation of parental cells, but 
rather can be attribuied to expression of the ISGF2 trans- 
gene. 

The viral resistance was not. due to secretion of IFN. 
Medium conditioned by cell Ime L4 contained less than 30 U 
of IFN per ml. The conditioned medium conferred no 
delectable resistance on sensitive cd!s ? hut sensitive cells 
were protected by addition of 10 U of IFN per mL Neutral- 
rzmg antibodies against IFN, added before infection, did not 
diminish the resistance of eel} line L4 but were able to block 
the eSfect of added IFN, Addition of these neuiralizing 
antisera at the start of infection caused little or no increased 
sensitivity to the cytopaihic effect of the viruses tested on 
any of the ceil Imes examined. The failure to secrete IFN 
indicates that induced ISGF2 gene expression alone is not 
sufficient for biologicaliy relevant up-regulation of iFN-^ 
gene expression in HeLa ceils. 

Of particular significance was the generality of the resis- 
tance. The cells that expressed ihe 1SGF2 transgene were 
resistant to RNA viruses from three families. Constitutive 
expression of other individual IFN-mducibfe genes does not 
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give a genera! effect. Stable cells thai overexpress 2*~5' 
ohgoadenylate synthetase (OAS) are protected against only 
EMCV (5, 59), Overexpreasion of murine Mxl, first defined 
as a gene that renders niice resistant to influenza virus, did 
make ceils influenza virus resistant (2, 62). Resistance to 
influenza virus, as well as unexpected resistance to VSV, 
was also observed in cells that express rut. Mxl or human 
MxA (39, 43). Curiously, rat Mx2 made cells resistant to 
VSV but not influenza virus. However, the cells made to 
ovcrexpress these proteins were not resistant to picornav> 
rus, Furthermore* rat Mx3 and human MxB did not provide 
protection against any virus tested, Thus, overexpres&ton of 
these gene products confers resistance to one or two virus 
families, white constitutive expression of the 1SGF2 trans- 
gene more broadly recapitulates the antiviral effect of fFN 
treatment and does so even though the resistant cells do not 
produce 1FN, 

Significance of ISGF2 activity assayed by transient transffec 
Uons* Previous studies have focused on the characterisation 
and function of ISGF2 at the molecular level Q8, 20, 21, 33> 
47), with the aim of elucidating the biological role of this 
transcription factor. The transient assays described in this 
report demonstrate that cotransfection of an ISGF2 expres- 
sion vector can transactivate a reporter construct that con- 
tains multiple copies of authentic regulatory elements from 
the IFN p gene. This outcome provides evidence for an 
inherent ability of ISGF2 to positively regulate the IFN-ft 
promoter, at ieast in the context of a transient transiecttom 
Additionally, the generality of it role for f$GF2 as a positive 
transcription factor is demonstrated by activation of report- 
ers that present an TSGF2 -binding site within the context of 
the 1SRE from ISO 15 or GBP, and the ability to activate in 
a eel* type, HeLa S3, other than that previously re-ported {20 t 
21). The limited transactivatbn of these site* in the cotrans- 
fection experiments is not a surprise. These promoter ele- 
ments in endogenous genes are const irturvely almost silent. 
Weak activation of the f FN £ promoter in mouse L cells 
compared with better activation in EC cells was explained in 
terms of differences in constitutive negative regulation {21}, 
However, it also seems likely that, by itself, ISGF2 is not a 
strong transcriptional activator. Thus, it is imperative that 
cotransfection data be taken as indicative of, rather than 
proof for, activity of endogenous JSGF2 on particular endog- 
enous genes. In addition to the general conclusions that such 
experiments do support, they dictate a need and provide a 
gmde for the design of direct experiments to validate specific 
hypotheses suggested by the transient cotransfecttons. 

Molecular eorcst?tp*mces of constitutive ISGF2 trstnsgene 
expression* A suggestion that ISGF2 plays an important role 
m virus induction of IFN-f* gene transcription has been 
based on the kinetics of ISGF2 and IFNp mRNA accumu- 
lation, activation of cotransfected reporters, and in vitro 
binding assays (20, 21* 41, 65), but was not supported by any 
direct transcriptional analysis of endogenous genes. This 
report provides it direct assay that demonstrates increased 
transcription of the endogenous !FN-[3 gene in ceils thai 
stably express the 1SGF2 transgenc. Since the increased 
transcription of the IFN-p gene in ceil line 1,4 does not lead 
to constitutive accumulation or influence viral induction of 
the mRNA, pomtramcriptional mechanisms must help reg- 
ulate the level In human fibroblasts, IFN-p mRNA is known 
to be targeted for rapid turnover, and NOV infection in- 
creases its half-life (51, 52). A specihe sequence conserved in 
the 3 -untranslated region of I FN and many other inflamma- 
tory mediator mRNAs (4) has been shown to direct selective 
degradation of granulocyte-macrophage colony-stimulating 



factor mRNA (6IK Thus, it seems that lSGF2~indueed 
IFN-g gene transcription alone cannot mimic the effect of 
virus infection, and stabilization of IFN-p mRNA that oc- 
curs during infection rs essential for accumulation. The fact 
that VSV induction of J F N [3 mRNA in the stable cells that 
express the ISGF2 transgene is unaffected suggests that the 
increased constitutive IFN-$ gene transcription in those 
cells is relatively minor compared with the combined affects 
on transcription and mRNA stability that are the norma! 
HeLa ceil response to virus infection, 

With a different induction regimen or in a different cell 
type* elevated constitutive ISGF2 gene expression and re- 
sultant induced IFN-g gene transcription might influence 
constitutive or vi rally induced levels of IFN-g mRNA. In 
fact> a report that describes the influence of constitutive 
sense or antisense expression from an ISGF2 transgene in 
transformed fibroblasts on NDV or double-stra tided RNA 
induction of IFN-p mRNA accumulation was published 
while this manuscript was under review (56), No effect on 
the constitutive mRNA level was observed, consistent with 
the results presented here, while I FN -3 mRNA induction 
was either enhanced ot inhibited in the cells that expressed 
the sense or antisense constructs* respectively. Curiously, 
I FN induction of HLA-B7 mRNA was enhanced in the cell ^ 
lines with the sense ISGF2 constructs, but unaffected by g 
expression of the ant isense ISGF2 transgene. However, tt g" 
was not shown whether any of these results reflected § 
changes in transcription of these genes, or represented an 2: 
unexpected influence of ISGF2 on post transcriptional B 
events, m the system studied, ^. 

The results from the transcriptional analysis provide a g 
likely explanation for an antiviral state in the absence of I FN ^ 
secretion by the resistant cells. The broad antiviral activity b 
of I FN must reflect its ability to induce many genes, each of ^ 
which would confer resistance to a very limited number of ■< 
viruses , as discussed above for Mx and OAS. Not only OAS § 
but also double -stranded RNA dependent protein kinase has g 
been implicated in translat tonal control mechanisms that p" 
may effect J FN action (4$), ft will be of Interest to determine 8> 
whether the expression of these particular genes is increased "2*. 
in the virus-resistant cell lines that express the XSGF2 f 1 
transgene, or whether other gene products must account for o 
resistance to EMCV and VSV, These genes, and many S 
others characterized for the regulatory elements that confer 
rapid transcriptional induction in response to type I fFNs, 
have an ISRB {7, 23, X% 50, 53, $S). Elevated transcription 
of the major histocompatibility complex class I gene 
HLA-A2 i n eel! line I A may impl icate ISGF2 in the immu- 
nomodulatory effects of fFNs. Such effects augment the 
direct actions of f FNs on individual cells through an influ- 
ence on cell -ceil interactions that are part of over all host 
antiviral defenses. Particularly, increased major histocom- 
patibility class expression may enhance immune surveillance 
of infected cells. The broad virus resistance of cell line 1,4 
probably reflects the elevated transcription in cell line 1 ,4 of 
many endogenous genes that are normally induced by IFN-a 
or JFN-\. 

There are clearly additional complexities in the biological 
role of ISGF2, Ah hough WN-j k a far more potent inducer 
of TSGF2 than fPN-tt or IFN-£, and JSGF2 is also induced 
by Srtterleukm !« or tumor necrosis factor alpha (17, 45, 47), 
there is no IFN^- or I FN ^-induced transcription of LFN-£ 
(47), and only IFN~» or JFN-ft induces transcription of iSGs 
(2% 45, 47}, Additionally, a combination of cydohexirnide 
and double-stranded RNA strongly induces transcription of 
the 1FN-J* gene in HeLa cells, despite the near absence of 
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ISGF2 (47). There is no contradiction between the data 
presented here and the strong evidence that ISGF3 mediates 
signal transduction in response to IFN-or and is responsible 
for rapSd transcriptional induction of ISGs (15, 25, 26, 
32-34). Trie relative contribution of the ISGF2 and l$Q¥2' 
products of the transgenic to the transcriptional activation 
and virus resistance described above is not clear and high- 
hgbls the need for further structural and functional studies of 
this factoTv Altogether, it is likely that ISGF2 positiveiy 
modulates the transcription of IFN-tnduced genes essential 
to the establishment of a broad -spectrum antiviral state, but 
not under all circumstances. The contextual differences 
could include subtle variations in 1SGF2 itself, Or other 
variations in the intracellular environment thai reflect pleio 
tropic effects of the agents that induce ISO F2. The transcrio- 
donal analysts reported here extends the data from comms- 
fecdon experiments (21) and in vitro binding assays (49) to 
provide new support for the hypothesis that IFN-induced 
expression of the ISGF2 gene does contribute 10 regulation 
of IFN-inducibk genes, This hypothesis can be directly 
examined in future studies with these ceil lines. 

It seems likely that some genes will be primarily regulated 
by ISGF2, cilice it is synthesized in response to many 
different cytokines and may thus have a central role in 
cytokine networks, However, ail the genes so tar tested for 
regulation by JSGF2 are also, if not predominantly ^ regu- 
lated by other transcription factors* such as 1SGF3, OAF* 
and NF-kB (10, 16, 22, 26, M\ 32, 33, 64). Thus, ISGF2 is an 
ancitla^ factor in the transcriptional regulation of these 
genes. Fart of the antiviral state of cell line L4 could reflect 
activity of 1SGF2 as an intermediate required for the activa- 
tion of certain other genes in the overall cellular response to 
!FN. The availability of these cells will facilitate the identic 
ficatiou of such genes, 
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for critically resfccJirsg the manuscript. 
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ABSTRACT A transient expression system in which chi- 
meric genes are expressed in cells Infected with vaccinia virus 
wss developed* Recombinant piasniids containing tfre promot- 
er regions of vaccinia virus genes ligsted to tise coding segment 
of the pfokaryetk chloramphenicol acetytomsferase (CAT) 
gene were construct***! When the plasmtds were introduced 
into vaccinia vfni&infectal celte by irans&etHm* the chimeric 
gene was expressed and significant levels of CAT accumulated, 
CAT activity was not detected whet? the same ravumbtnuni 
piasmid was introduced into uninfected ceils, nor was actiYity 
detected when the vaccinia virus promoter was absent frwm 
the plasmtd or was replaced fey simian vims 4u or Rous sarco* 
tua virus promoters, This specificity indicated that expression 
is dependent nit a eft-acting vaccinia viras pronwler region 
witfiin the recombinant plasnswi and dlflfUssfcie AnoAS'&ctfng 
trntucripftm factnrs produced during virus Infection* The 
Jack of effect of a simian virus 40 enhancer element Inserted 
upstream of tnt? vaccinia virus promoter region afeo distiu- 
gnished this system from systems dependent m RN A polymer- 
ase IL Although replication of the rccotnbiintnt plasmid muM 
not he detected m either uninfected or vaccinia virns-infected 
eeite, an Inhibitor of ON A synthesis significant*) reduced CAT 
expression, This remit* as well as the kinetics of CAT synthe- 
sis, suggests that i*eplication of viral l>NA templates can en- 
hance transcription of chimeric genes lit recombinant plas- 
mkt$< 



Recombinant ON A that fa introduced into eufcaryotic cells 
by transaction or microinjection may foe transiently ex- 
pressed in an unmtegrnieti state (1-1 1). }n such systems, 
transcription occurs via the RNA polymerase H system 
mthifi the cell nucleus and is dependent on appropriate cis- 
regulatory sequences associated with the iransfected genes. 
The transcripts must then be properly processed and trans- 
ported to the cytoplasm for translation to occur. We consid- 
ered that an analogous cytoplasmic transient expression sys- 
tem might be developed with vaccinia vims-infected cells. 
Poxviruses, of which vaccinia vims is the prototype, have 
large DNA genomes encoding bto&ynthetic enzymes that en- 
able them to use the cytoplasm as a site of transcript ion and 
replication (reviewed in ref. 12), Promoter regions upsircnm 
of vaccinia virus genes have been identified by both in vivo 
(13—15) and in vitm (16) experiments. These regions ate ex- 
tremely rich in adenine and thymine residues and deviate sig- 
nificantly from established eukaryotic consensus sequences 
(14, 17-19), In this communication, we demonstrate that a 
heterologous gene Itgated to a vaccinia vims transcriptional 
regulatory sequence is expressed at high levels after trims* 
fecuon of recombinant plasm ids. Expression is dependent 
on the ceils also being infected with vaccinia virus, evidently 
to provide rram-sctmg transcription factors. This transient 
expression system complements the previously described 
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nse of vaccinia vims as a vector for the expression of insert- 
ed genes (13, 15, 20). 

MATERIALS AND METHODS 

Recombinant FJasmids, Recombinant plasmids were pre- 
pared from pBR528 (21), pUC7, or pUO (12) and purified as 
described by Bimboim and Duly {23), DNA fragments were 
isolated from agarose gels by electrophoresis onto DEAE- 
paper (24). Pkismids were constructed as indicated in the 
text < using standard procedures 

Infection, Tramftctlon, and Caforaiapfiejikoi Aeeiyitrans* 
lerase {CAT} Assays. CV-.t monkey kidney cells were grown 
to im conO^ency in flasks (approximately 2*5 x 10* 
ceils per flask) and infected with wild type vaccinia virus 
strain WR at multiplicities stated m the text or incubated 
with an equivalent volume of medium. After 30 rnin at >TC* 
calcium phosphate-precipitated DNA was added (25 > 26). 
The DNA precipitates contained recombinant plasmkJ and 
calf thymus DNA such that the tola! was 20 per ml of 
tratisfection mixture. After 30 mm at room temperature, 
fresh medium prewarmed to 3TC was added. When indicat- 
ed, the medium was supplemented with cytosine aiabinonu- 
cleostde (araC) at 40 #ig/rni. Cells were harvested at various 
times after infection and suspended in #2 ml of Tns*HC1. 
pH 7.5. After freezing and thawing three times, the disrupted 
cells were dispersed by sonication and the suspension was 
assayed for CAT activity as described (15). 

RESULTS 

Construction of a Chimeric Gene* Gorman et tti. (I, 27) 
demonstrated the utility of the prakaryodc CAT gene for 
transieni: expression studies. The enzyme assay is rapid, sen- 
sitive, and quantitative and there k m detectable back- 
ground CAT activity in eukaryotic cells. Therefore, we 
wished to construct a chimeric CAT gene containing a vac- 
emia vims promoter region. The entire CAT* coding segment, 
without: its endogenous promoter, was previously (15) ex^ 
cised from pBR328 (21) vvi!h restriction endonuciease Tag I 
and inserted into the Ace I site of pUC? (22), The resulting 
plasmid, designated pCLAT, contains BamHl sites flanking 
the CAT g^ne (Fig. IK A DNA fragment, extending from 
about 240 base pairs (hp) before and 35 bp beyond the RNA 
start site of a vaccinia virus gene encoding an ?5fK* (7,5* 
kDa) polypeptide, was excised with restriction enzymes 
Hindi and Rsa I ill) and inserted into Mrfcll-cleaved pUC9 
(22), The CAFgene was then introduced into the teHl site 
of the latter plasmid and the resulting recombinant was 
called pCPl (Fig- 1), Since the first ATG downstream of the 
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Fig L Sirueiures of recombinant psasmids. The piastres pCAT 
mti pCM contain the entire coding sequence of the CAT gene, ltt 
pCPl, a 0NA fragment mcfuding the promoter region of a vaccinia 
virus gene encoding a 7,5-kDs polypeptide was placed immediately 
before the CAT gene. The arrows indicate the polarity of promoters 
and coding sequences. The ATC corresponding to a transMcmai 
initiation codon and relevant restriction endonuclease sites are 



viral RNA start site represents the authentic transnational 
initiation signal of the CAT gem y expression should result in 
the formation of active enzyme. 

Transient Expression of CAT. To test for explosion of the 
CAT gene> pCAT arid p€Pl were added m calcium phos- 
phate preeipi tales to CV-1 monkey cells that were infected 
or mock-infected with vaccinia virus. The cells were har- 
vested at 24 hr after infection and extracts were tested for 
CAT activity. As seen in Fig, 14, high levels of CAT were 
detected in extracts of infected ceite traastected with pCPI 
btit not in extracts of uninfected cells txmsfected with the 
sarjteplasmtd. Similar results ako were obtained with BSOl 
monkey cells and primary chicken embryo fibroblasts <not 
shown). In contrast, CAT activity was not detected after 
transection of infected or uninfected cells with pCAT (Fig, 
2A), Thus, transient expression appeared to depend on a ex- 
acting vaccinia vims promoter region adjacent to the CAT 
gene and trans^nctistg factors produced during vaccinia virus 
infection. 

The level of transient expression in the vaccinia system 
was compared to that of a more conventional uninfected ccit 



system. For the latter we used pSV2ea$> which contains the 
simian virus 40 (SV43) enhancer element and early promot- 
er, and pRSVcat, which contains the enhancer arid promoter 
of the lott£ terminal repeat of Rous sarcoroa vims {21}. We 
confirmed previous findings of Gorman et $i (27) regarding 
the relative proportions of CAT activity obtained with these 
two piasrruds in uninfected CV-1 cells (Fig, IB). Interesting- 
ly, no activity could he measured in extracts from infected 
cells that had been transacted with pSV2cat or pRSVcat, 
implying inhibition at some stage needed for expression. 
Nevertheless, considerable amounts of CAT were made in 
infected cells that were transfected with pCFL At 24 hr, the 
amount of CAT in extracts front infected cells that were 
transacted with pCFl was about 40 times higher tuan that in 
extracts from uninfected celts that were transfected with 
pRSVcat. 

Since the mechanism of action ofeukaryotic transcription- 
al enhancer elements has not yet been defined, it was of 
some interest to determine whether such sequences would 
influence expression of the CAT gene under control of a vac- 
cinia virus promoter, The 72-bp repeats have been 
shown to enhance transcription of CAT and other genes un- 
der transient assay conditions (2, 28). Therefore, a fragment 
containing S V40 DNA (map position 74 to 271) was excised 
from recombinant pfasmid dl74 (29) with restriction enzymes 
Sph I and Hiftcll and blunt end ttgated into the Sma I 
site of pMM23 (19) to form a new plasmid called pMM24, 
This placed the enh&Ker-eottfaming SV40 DN A segment in 
the same orientation upstream of the promoter region of the 
vaccinia virus 7,5-kDa polypeptide ge*te as it was relative to 
the original &V46 gene. Both pMM23 and pMM24 contain 
the CA T coding sequence downstream of the vaccinia virus 
promoter and are identical except for the presence of the 
SV40 enhancer in the latter. When vaccinia virus-infected 
cells were transfected with pMM23 and pMM24* simitar lev- 
els of CAT expression were obtained, indicating the absence 
of a detectable enhancer effect. 

Optimization of Transient Expression, CAT activity in- 
creased in proportion to the amount of helper vaccinia virus 
added (Fig. 3), This trend leveled off at high multiplicities 
partly because of increased celi lysis during harvesting, 
which resuhed in measurable amounts of CAT in the medi- 
um. Routinely > a multiplicity of 30 pfu per cell was used. 

CAT activity also was proportional to the amount of pCPl 
used in transfection (Fig, 3), Concentrations of 10-40" {ig/mJ 
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Jrtrs, 2 Transient expression of CAT, {A) Uninfected or vaccinia 
vtras^nfected ceils were uansfected with 20 p% of pCAT or 
pCPl and cell extracts were prepared 24 hr later, CAT assays were 
performed and analysed by chromatography on sitiea gel thn>iayer 
plates. An auiotadtograph *s shown. {&) Uninfected or vaccinia vi- 
rus-infected CV~i ccUs were transacted with Ift M «f pCPi, 
pRSVcat, or pSV2eat. After 24 hr. extracts were tested for CAT 
activity as above. Ik uninfected; I, infected; C, ehlorajoptienicoi; 3* 
AcC , 3-AcC, and U^d$AeC refer to the 1-acetate, 3-aectate a^ii 13- 
diacetate derivatives of chloramphetii^oL Antoradiogfiiph^ ^sre 
shown 
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Fta 3. Dependence of CAT activity on amount of transected 
ON A and virus mnltipUcfty> (A) CV-1 ceils were infected at & nmiti- 
pUcitp of 20 pJaq«e-farmtng ynit« ip&x) per ceiJ and tramsfected with 
the iudicaleti ^n^tints of #C¥L 0) CV-J cell^ were infected with the 
iii*fteaied virus multiplicity and tramfeeted mth 10 }i$ of pCFi. In 
each ease, ceHs were harvested and analyzed 12 hr after infection. 
CAT activity is expressed as nmol of chiommphenieol acetylated 
per 2,5 x 10* attts. 
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were mcd for most experiments. The form of the piasoiid 
was critical since ime&riz&tif)8 of pCPl by cleavage at the 
Sma I die, which lies distal to the CAT gene (Fig, i), re- 
duced activity by at tesst 90%. 

The time course ttf CAT synthesis in cdte ittfccted with 
wild-type vaccinia virus and transFecfced with pCPl i$ shown 
m Fig 4, These results arc compared io those obtained in 
celts infected with recombinant vaccinia virus vC24 (15), 
which contains the CATgmt under controi of the same pro- 
moter used for pCFL To keep conditions as uniform as pos- 
sible, cells thai were infected with vC24 were transacted 
with the pUC9 vector, which contains no vaccinia virus se- 
quences* (Calcium phosphate transfecttan procedures stgnif- 
icaatly reduced CAT expression by recombinant virus,) 
CAT was detected within 2 hr after vC24 infection but only 
4-6 hr after transaction with p€PL This lag in transient 
expression was also observed when the cells were transact- 
ed 24 hr before infection with wild -type virus. The levels of 
CAT synthesized by recombinant virus and in the transient 
system increased linearly for at teast 24 hr. However, the 
amount of CAT made under the latter conditions was about 
M)% of thai expressed from the recombinant virus. 

araC< an inhibitor of DNA replication, typically prevents 
the expression of late genes of vaccinia virus, However, this 
drug reduced CAT synthesis in cells infected with vC24 only 
by about 50% (Fig. 4). in agreement with previous results 
(1.5), Thts partial effect is related jo the presence of separate- 
ly regulated early and late RN A start sites within the promot- 
er region (unpublished data), fn the transient sysiem, araC 
inhibited CAT expression by about 75% (Fig, 4} because of 
predominant use of the late RNA start site (unpublished 
data). 

The effect of cytosme arabinoside on transient expression 
could be due to inhibition of virus or pCFi DNA replication. 
Two independent methods were used to determine whether 
replication of pCPl actually occurs in cells infected with vac- 
cinia virus, DNA was extracted from cells that were unin- 
fected or infected with vaccinia virus in the presence or ai> 
senee of araC, at various times ate transection with pCPl, 
Autoradiogrn phs , prepared after immobilization of the DNA 
on nitrocellulose and hybridization to 3 HMabeled pU€9 
0HA + revealed no evidence of piasmid replication. The sen- 



sitMty of {his experiment was increased by using restriction 
enzymes to distinguish between the input methylated pCP1 
grown in bacteria and any umnethylaied pCPl produced by 
replication tn euknryotk cells (3fl t 31). DN A was isolated by 
the Hin (32) procedure and then digested with BamBl and 
either Dpn I or Mbo L The latter two enzymes recognize the 
same four-base G*A-T*€ sequence, but Dpn 1 cleaves only 
when the A residue is methylated at the ^position and Mb<* 
II cleaves when it is unmethylated. Since there is a smgte 
BamHl site in pCPl but many O-A-T-C sequences, unmeth* 
yiated DNA would be linearized by the combination of 
B&mHI and Dpn I and digested into many small fragments by 
the combination ofBamiil and Mho L Conversely, methyl- 
ated DNA would be linearized by the combination of BtfmHI 
and Mb$ 1 and digested into small fragments by BamHl and 
Dpn h Inspection of the overexposed autoradiograph in Fig. 
5 reveais no detectable unmet by lated pC-PI formed. Since 
there appears to be no replication of this plasm id under the 
conditions of transient infection, the effects of araC may be 
attributed to inhibition of virus DNA replication. 

Use of Additional Vaccinia Virus Promoters* Promoter re- 
gions from several vaccinia virus genes have been sequenced 
(14, 17-I9 T 34), and three of these have been used to express 
genes inserted into vaccinia virus (13* 15< 19, 35). Use of the 
promoter region from the 7,54cDa polypeptide gene has al- 
ready beer* described * An additional promoter region was 
derived from an early gene encoding thymidine kinase and 
another from a late gene encoding a 2$-kDa polypeptide. 
Recombinant plasmids containing these promoters hgated to 
the CAT gene were tested in a transient assay. As shown in 
Table \ , CAT expression occurred with the other promoters. 
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Flo, 4, Tiffin course of CAT synthesis . Replicate cul tures of CV- 
1 ceils were injected with wild-type vgctfftfa virus m 30 pfu per ceil 
and transieeted with 2U of pCPl or infected with recombinant 
virus vC24 at .50 pta per cell and transfected with pUC9. Cultures 
were incubated in the absence (filled symbol? ) or presence (unfitted 
symbols! afarat at 40 ftg/tnh At the indicated tt^es after infection, 
ceils were harvested and assayed tor CAT. Activity is expressed .as 
mm) of ^bk^ainphenicoi acety fated per 2.5 x 10* cells. 




Fia 5. Absence of r>CPI replication. Vaccinia virus-infected 
and amnfected CY4 celts were transfected with 10 m of pCPl and 
maintained in the presence or absence of araC DMA was prepared 5 
and 24 hr after transfectfofl and digested with BamHl and Dpn I or 
BamHl and Mho L DNA purified from abom 5 x 1ft- ceJk was arm* 
\yix4 by ekctrophoresi^ im a l.S% agarose gel transferred to mm> 
ce^ulose (13), and hybridwed lo 3 "P4sbeted pCFl DNA. An autora- 
diogmph is shown. Migration of the linearized 3.&4;jJoL>*'>e pSasmid 
is itKttcated. Lane t T vaccinia vims DNA (100 iig) digested with 
BamHl and Dpn k lane pCPl DNA [im n& grow« to a 
Escherichia atti strain) digested with BamHU ^nc 3, pC?i DNA 
(100 ng grown ir> a dam* ccttt %tmn} digested with BamHl aad 
Dpn I; lane 4, jjtfected, 24 hr. BctmlU ane" %« |; tone 5, infected, ?A 
hr, ^mHI and Mbo U imt 6, infected, +araC, 24 hr, j8amHI an^t 
1; laj^ 7, 5 hr, BamHl and Dpn t; tatie Isaiected, 

^araC, 5 hr> i^awHJ and Dpn i; jane 9 t uninfected, 24 hr, BsmHi 
and Dp/? {, 
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Table L Transient aetfvity with different vaccinia 

CAT activity, njnoi 
chfofamphemeoi 
acstyl&ted per 
2.5 x 10* eelis 



Proraoter 


Plasmiii 


No 


With 
araC 


ism* 


pCPl 




1W 




P&M19 


2? 


15 




pLCATl 


6? 


14 




pCAT 


<0^i 


<0.GI 



Recombinant pl&srmds contained ihe promoter regain from *he 
&ene eacoduig 7,5* or polypeptides or thymidine kinase light- 

ed to the CAT gene. CAM cell monolayers were infected at a myRi- 
plieit? of 30 pfu per ceil and transacted with 20 m& of the ixi^ic^ied 
pfaxirnU ami cell extracts weit prepared 24 hi later. 



although at & lower level than with the 7,5-kDa promoter. 
The relative efficiencies of the 7.5-fcDaanrj thymidine kinase 
promoters in the transient assay (Table 1) corresponded to 
tfujss obtained with the sartre construct msened mio the 
vaccinia virus genome (15), In addition, araC inhibited tran- 
sient expression of the kite promoter most md ihe early pro- 
moter km. 

DISCISSION 

We have developed a rapid way of expressing chimeric 
genes in primary and continuous cell lines. The method in- 
volves ihe use of recombinant plasniids containing vaccinia 
vims promoter regions as w-acttng regulatory elernenis. Af- 
ter insertion of the coding segment of a heterologous gcw< 
such as CAT, standard transection procedures were used to 
introduce the plasmid into vaccinia virus-infected cells > Pro- 
moter regions of three different vaccinia virus genes were 
used successfully in this system, whereas those from SV40 
and Rous sarcoma virus were ineffective. 'Hiis selectivity is 
consistent with nucleotide sequence differences between 
vaccinia virus and other eukaryotic promoter regions (14. 17) 
as well as functional differences determined by m vitro sran- 
gcriptbn (16), The efficiency of transient expression m the 
vaccinia system compared favorably with that obtained with 
the more standard uninfected cell system even when strong 
promoters and enhancers were provided for the latter . The 
cytoplasmic site of vaccinia virus transcription may contrib- 
ute to the high efficiency, since Loyter et aL (36) reported 
that only a smaft proportion of cells that take up calcium • 
precipitated A also transfer it to the nucleus. 

Expression of recombinant plasmufc in vaccinia virus-in- 
fected cells indicates that the transacted DNA is not exclud- 
ed from the sites of virus transcription or that viral RNA 
polymerase and other factors are diffusible. The requirement 
for diffusible viral proteins may explain tJhe 6-hr delay before 
significant expression is detected The delay in CAT sy tithe - 
sis is not due to slow DNA uptake, because it was observed 
even when the plasmid was added 24 ar before infection. 
Nor is it due to the nature of the promoter used, since 
expression occurs within 2 hr when the same chimeric gene 
is inserted into vaccinia virus. Under the latter conditions, 
rapid expression evidently occurs because the viral enzymes 
and DNA are packaged within the core of the vims particle. 

The physical nature of the recombinant DNA was impor- 
tant, since expression dropped precipitously when the p)as- 
mid was linearized, This is probably not due to lack of T>NA 
uptake, because linearised DNA works well for vaccinia vi- 
rus marker rescue experiments. A requirement tor super- 
coiled DNA also has been found for other transient expres- 
sion systems (5X It is important to point out that rccomhina- 
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lion is unlikely to play a significant role in the vaccinia virus 
transient expression system for several reasons. First, the 
promoter fragment used was only a few hundred base pairs 
long, and much smaller ones serve ecjuaJFy well (unpublished 
data). Second, transient expression is unaffected by flanking 
the chimeric gene with vaccinia virus DNA sequences that 
promote homologous recombination. Third, the recombina- 
tion frequency even under the latter conditions is less than 
0.5%, whereas the rate of transient expression may be as 
much as 30% of that obtained by injection with recombinant 
virus. 

The reduction in transient expression caused by ara€, an 
inhibitor of DNA replication, was noteworthy. Since replica- 
tion of the recombinant plasmid could not be detected, the 
requirement appears to be for viral DNA synthesis. The ef- 
fect of araC was greatest when a late promoter was used to 
form the chimeric CAT gene and least when an early promot- 
er was used , suggesting that the requirement is for regulatory 
factors that control late transcription. The most extensive 
analysis was done with a promoter region that contains early 
and kte RNA start sites. Nuclease Si mapping studies indi- 
cated that both RNA start sites were used for transient 
expression but that the late one predominated (unpublished 
data). 

This transient expression system has proven to be ex- 
tremely useful in our laboratory for studying the regulatory 
signals of vaccinia virus promoter regions. For example, it 
provides a rapid way of monitoring the effects of in vitm 
mutagenesis. Genes other than CAT also have been ex- 
pressed in this system. When the influenza hemagglutinin 
was used, the protein was processed correcJty and inserted 
into the plasma membrane, as determined by immunofluo- 
rescence. This result indicates that the transient system also 
may provide a useful way of analyzing effects of mutations 
on protein function. In many respects the transient system 
complements the use of vaccinia virus as a vector for inser- 
tion of foreign genes (13* 15, 20, 35), 
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